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E r r a t a , 
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I 
To Is o l d e 
ABSTRACT 
Some Studies i n Step-Growth Photopolymerizatlon 
This work reviews some reported i n v e s t i g a t i o n s and describes some 
f u r t h e r studies i n step-growth photopolymerization. 
Benzophenone-type aromatic diketones were prepared by F r i e d e l - C r a f t s 
synthesis. 
The diketones were photopolymerized d i r e c t l y w i t h t e t r a m e t h y l a l l e n e 
and w i t h 2,5-dimethylfuran i n benzene s o l u t i o n , y i e l d i n g low to medium 
molecular weight polymers containing oxetane r i n g s i n the main polymer 
chains. I r r a d i a t i o n of diketones i n a large excess of furan r e s u l t e d 
i n c y c l o a d d i t i o n of carbonyl groups to furan C=C double bonds and the 
formation of furan-diketone 2:1 adducts. The 2:1 adducts were photopoly-
merized w i t h equimolar q u a n t i t i e s of diketone to give polymers. 
Spectroscopic evidence i n d i c a t e d t h a t a l l polymers contained OH 
groups, a r i s i n g presumably from hydrogen a b s t r a c t i o n r e a c t i o n s . The 
physical p r o p e r t i e s of polymers from t e t r a m e t h y l a l l e n e and 2,5-
dimethylfuran were consistent w i t h the formation of l i n e a r polymers, 
hydrogen a b s t r a c t i o n from methyl groups s t i l l a l l o w i n g propagation of 
the polymer chain. The physical p r o p e r t i e s of polymers con t a i n i n g 
furan residues were i n d i c a t i v e of c r o s s l i n k s i n the polymers, one 
possible source of such c r o s s l i n k s being a b s t r a c t i o n of hydrogens a to 
furan residue oxygens. 
Pyroly6is of polymers r e s u l t e d i n cleavage of oxetane r i n g s , and 
polymers and 2:1 adducts from furan were unstable at room temperature. 
i i i . 
Polybenzopinacols were prepared by i r r a d i a t i o n of the diketones i n 
benzene-isopropanol mixtures. Solvent mixtures containing greater than 
507. by volume of benzene were found to be most s a t i s f a c t o r y . 
The photochemical o x i d a t i v e - r e d u c t i v e d i m e r i z a t i o n of acetophenones, 
and the ph o t o e n o l i z a t i o n of 2-alkylbenzophenones followed by Diels-Alder 
a d d i t i o n of the photoenols to dienophiles have been examined as 
possible model reactions extendable to photopolymerization. Preliminary 
r e s u l t s i n d i c a t e d t h a t the production oS: high polymers from the diketones 
studied was u n l i k e l y . 
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NOTK TO READER 
In t h i s thesis compounds, intermediates, s t r u c t u r e s etc. are 
designated by arabic numerals only where discussion i n the t e x t i s aided 
by such r e f e r e n c i n g . Compounds are mostly r e f e r r e d to by t h e i r f u l l names, 
I n Chapter 4, the preparation and c h a r a c t e r i z a t i o n of series of 
polymers from benzophenone-type aromatic diketones and dienes i s 
described. The polymers are i d e n t i f i e d by abbreviated names, the 
abbreviation being a composite form of abbreviated monomers. Monomer 











































Polymers from t e t r a m e t h y l a l l e n e and diketones are designated as 
polyTMAM, polyTMA2 etc. where polyTMA2, f o r example, i s the polymer 
prepared from t e t r a m e t h y l a l l e n e and 1,2-(4,4'-dibenzoyldiphenyl)ethane. 
v i i . 
Polymers from furan and diketone were gen e r a l l y obtained v i a 
intermediate furan-diketone 2:1 adducts which are designated as diFP, 
diF3 e t c . where diFP, f o r example, i s the furan-diketone 2:1 adduct of 
p-dibenzoylbenzene. Corresponding polymers are abbreviated to the form 
polyFP, polyF3 e t c . , where, as an example, polyF3 i s the polymer 
containing furan and 1,3-(4,4 1-dibenzoyldiphenyl)propane residues. 
Polymers prepared from 2,5-dimethylfuran and diketone are abbreviated 
to polyDiMeF4 etc. 
Polybenzopinacols prepared from the various diketones are denoted 
by the term polypinacol followed by the abbreviation f o r the diketone 
from which the polymer has been prepared. Thus, f o r example, 
polypinacol 10 i s the polybenzopinacol from 1,10-(4,4 1-dibenzoyldiphenyl) 
decane. 
Throughout t h i s t h e s i s the term molecular weight, w i t h reference to 
polymers, r e f e r s to the number average molecular weight. Nuclear 
magnetic resonance (n.m.r.) spectra are a l l n.m.r. spectra. 
v i i i . 
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1.1 C l a s s i f i c a t i o n o f Polymer Forming Reactions 
I n 1929, w i t h the increasing need f o r o r g a n i z a t i o n of the 
accumulating data of organic polymer chemistry, Carothers suggested a 
system of polymer c l a s s i f i c a t i o n i n which polymers were d i v i d e d i n t o two 
groups based on a comparison of the s t r u c t u r e of the repeating u n i t of 
the polymer w i t h the s t r u c t u r e ( s ) o f the monomer(s) from which the 
polymer was derived.^" The two classes of polymers were c a l l e d a d d i t i o n 
polymers and condensation polymers. 
A d d i t i o n polymers were defined as those i n which the molecular 
formula of the repeating u n i t i s the same as tha t o f the monomer, the 
polymer molecular weight being the sum of the molecular weights of the 
monomer u n i t s used to construct the polymer chain. A common example i s 
that of polymers formed from the polymerization of v i n y l monomers (1.1) . 
n CH =CH -¥ -ECH0-CH-} (1.1) 2 | 2 | n 
X X 
Condensation polymers, on the other hand, were defined as polymers 
i n which the molecular formula of the repeating u n i t d i f f e r s from t h a t 
of the monomer, the repeating u n i t c o n t a i n i n g fewer atoms than the monomer 
and the polymer molecular weight being less than the sum of the molecular 
weights of the monomer u n i t s from which the polymer i s derived. For 
example, l i n e a r polyesters formed by the r e a c t i o n of a g l y c o l w i t h a 
dibas i c acid are t y p i c a l condensation polymers (1.2 ) . 
0 0 0 0 
II H II II 
nHOROH + nHOCR'COH -fOROCR'C]}^ + 2nH20 (1.2) 
The corresponding classes of polymerization processes, by which 
a d d i t i o n polymers and condensation polymers are formed, are r e s p e c t i v e l y 
a d d i t i o n polymerizations and condensation polymerizations. 
Although CaroLhers' c l a s s i f i c a t i o n has proved u s e f u l and acceptable 
f o r many polymers, i t does have serious shortcomings i n merely r e l a t i n g 
the molecular formulae of monomers to those of the repeating u n i t s . 
2 
Fl o r y has pointed out t h a t the reac t i o n s producing the polymers are 
the important f a c t o r s i n polymer c l a s s i f i c a t i o n r a t h e r than the comparison 
of monomer and repeating u n i t s t o i c h i o m e t r i c s . He regarded a 
polymerization process proceeding by r e a c t i o n between p a i r s of f u n c t i o n a l 
groups w i t h the formation of a type of i n t e r u n i t f u n c t i o n a l group not 
present i n monomers as a condensation polymerization. This d e f l r * t i o n 
allows, f o r example, the c l a s s i f i c a t i o n o f the r e a c t i o n between a g l y c o l 
and diisocyanate (1.3) as a condensation process, although there i s no 
di f f e r e n c e between the molecular formula of the monomers and t h a t of the 
repeating u n i t . 
0 0 0 0 ii L , L I' , v nHO-R-OH + n0=CN-R'-NCO -» H0-£-R-0CNH-R1 -NH00-}—-R-OCNH-R'NC (1.3) n-1 
Polymers containing a p a r t i c u l a r repeating u n i t may be synthesized 
3 
by a d d i t i o n polymerization or condensation polymerization. Lenz has 
exemp l i f i e d the case of polyethylene and r e l a t e d polymers c o n t a i n i n g the 
-C^-C^- repeating u n i t . High molecular weight m a t e r i a l may be obtained 
by a d d i t i o n polymerization of ethylene, and by condensation p o l y m e r i z a t i o n 
4 
of diazomethane (1.4). 
nCH N -• -E-CH„-CH_-4- + nN 0 (1.4) Li. L L n^2 i-
A low molecular weight polymer of the same e m p i r i c a l formula may be 
prepared by condensation polymerization of decamethylene dibromide and 
3. 
sodium v i a the Wurtz r e a c t i o n . This polymer possesses very d i f f e r e n t 
p h y s i c a l p r o p e r t i e s from the higher molecular weight polymers, although 
the two polymers f o r m a l l y c l a s s i f i e d as condensation polymers might be 
expected to possess the more s i m i l a r p r o p e r t i e s . 
Consideration of the c h a r a c t e r i s t i c s of the growth r e a c t i o n s 
producing the polymers allows a more meaningful system of polymer 
c l a s s i f i c a t i o n , e s p e c i a l l y i n r a t i o n a l i z a t i o n of r e s u l t i n g p h y s i c a l 
p r o p e r t i e s . Such considerations lead to chain-growth p o l y m e r i z a t i o n and 
step-growth polymerization as the pol y m e r i z a t i o n classes based on polymer 
growth r e a c t i o n s . The c h a r a c t e r i s t i c s of these l i m i t i n g types o f 
polymerization r e a c t i o n s are l i s t e d i n Table 1.1. 
3 
Lenz has advocated a more comprehensive polymer c l a s s i f i c a t i o n 
scheme i n c o r p o r a t i n g three important v a r i a b l e parameters. Consideration 
of growth mechanism, r e l a t i o n s h i p between monomer s t r u c t u r e and repeating 
u n i t structure,and molecular weight of polymer thus leads to e i g h t 
polymer classes. 
1.2 Photopolymerization 
The commonly accepted d e f i n i t i o n of photopolymerization has been the 
i n i t i a t i o n by l i g h t of a chain polymerization procesB, although more 
generally i t i m p l i e s the increase i n molecular weight caused by l i g h t 
and t h e r e f o r e includes the p h o t o c r o s s l i n k i n g of macromolecules.^'^ 
The l i n k between these two aspects of photopolymerization i s the use of 
l i g h t as energy source and polymeric m a t e r i a l s as the o b j e c t of i n t e r e s t . 
4. 
TABLE 1.1 
C h a r a c t e r i s t i c s of the L i m i t i n g Types of Polymerization Reactions 
C h a r a c t e r i s t i c Step-growth polymerization Chain-growth polymerization 
Component 
reactions 
I n i t i a t i o n , propagation & 
term i n a t i o n reactions are 
e s s e n t i a l l y i d e n t i c a l i n 
r a t e and mechanism. 
I n i t i a t i o n , propagation & 
ter m i n a t i o n reactions 
s i g n i f i c a n t l y d i f f e r e n t i n 
r a t e and mechanism. 
Polymer growth Slow, random growth of 
polymer. High r e a c t i o n 
conversion i s required 
f o r a high degree of 
polymerization. 
Once i n i t i a t e d , a r a p i d , 
p r e f e r e n t i a l growth of each 
polymer chain. High 
degrees of pol y m e r i z a t i o n 
are a t t a i n e d at the s t a r t 
o f the r e a c t i o n . 
R e a c t i v i t y of 
monomer 
Functional group i n 
monomer u n i t i s u s u a l l y 
assumed to have the same 
r e a c t i v i t y as the 
f u n c t i o n a l group on the 
end of the growing 
polymer chain. Monomer 
i s capable of combining 
w i t h i t s e l f or w i t h any 
other species present 
w i t h equal ease. This 
r e s u l t s i n r a p i d 
disappearance of 
monomer at e a r l y stages 
of the polymerization 
r e a c t i o n . 
E x t e r n a l energy or a d d i t i o n 
of h i g h l y r e a c t i v e compound 
i s r e q u i r e d to i n i t i a t e 
monomer polymerization. I n 
propagation re a c t i o n s 
monomer i s capable of 
r e a c t i n g only w i t h an a c t i v e 
end-group on a polymer chain. 
This r e s u l t s i n s i g n i f i c a n t 
but s t e a d i l y decreasing 
concentrations of monomer 
throughout the pol y m e r i z a t i o n 










































Table 1.1 contd. 
C h a r a c t e r i s t i c Step-growth polymerization Chain-growth po l y m e r i z a t i o n 
Typical 
example 
S e l f - e s t e r i f i c a t i o n of 
t h i o g l y c o l i c a c i d . 
Ring-opening t r a n s e s t e r -
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x-{—SCH.C-jj- + nH.O 
0 
^ S C H 2 ^ 2 n / y x = number of polymer molecules 
— = average degree of 
polymerization 
y = number of polymer 
molecules 
2n . c — - average degree of 
^ pol y m e r i z a t i o n 
x > y 
H < H 
x y 
6. 
(a) P h o t o i n i t i a t e d Polymerization 
A vast number of valuable polymers have been prepared using 
Q 
u l t r a v i o l e t l i g h t . Over a century ago B l y t h and Hofmann obtained a 
polymer from styrene on exposure of the monomer to l i g h t . B e r t h e l o t and 
9 
Gaudechon s u c c e s s f u l l y employed u l t r a v i o l e t l i g h t i n the f i r s t r e p o r ted 
polymerization of ethylene to a s o l i d . 
The m a j o r i t y of photochemically i n i t i a t e d polymerizations are t y p i c a l 
chain processes i n which the elementary steps are the production of 
primary r a d i c a l s , i n i t i a t i o n of chain r a d i c a l s from primary r a d i c a l s , 
chain propagation and chain t e r m i n a t i o n . The chain r e a c t i o n nature of 
such processes was f i r s t shown by O s t r o m i s l e n s k i ^ i n 1912, who found 
t h a t , f o r p o l y ( v i n y l bromide), the q u a n t i t y of polymer produced by l i g h t 
was considerably greater than t h a t expected from an o r d i n a r y photochemical 
r e a c t i o n . Quantum y i e l d s ( i n terms o f the number o f monomer molecules 
3 
polymerized per quantum absorbed), o f the order 10 or more were known 
i n the 1930's, examples being the photoactivated p o l y m e r i z a t i o n of v i n y l 
acetate i n the l i q u i d phase,^ and the photoactivated polymerization of 
12 
methyl a c r y l a t e . 
D i r e c t p h o t o l y s i s o f the monomer may be s u f f i c i e n t to produce f r e e 
r a d i c a l s i n i t i a t i n g polymerization,as i n the case of pure styrene 
polymerization. A l t e r n a t i v e l y a wide range of substances may be employed 
as s u i t a b l e f r e e r a d i c a l sources on photochemical i r r a d i a t i o n . A few 
examples of compounds used i n i n i t i a t i o n are shown i n Table 1.2. Further 
examples may be found i n a review by Oster and Yang** and references 
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8. 
Amongst advantages of l i g h t - i n i t i a t e d f r e e r a d i c a l processes over t h e r m a l l y 
induced processes are the p o s s i b i l i t i e s o f studying nonsteady-state k i n e t i c s 
of polymerization simply by t u r n i n g the l i g h t on and o f f , ^ the study of 
polymerizations at very low temperatures which reduces the frequency of 
chain- t r a n s f e r processes leading to branched polymers and sometimes makes 
21 
i t possible to o b t a i n stereoregular polymers, and i t s uses i n 
22 
photography (also see sect i o n 1.2(b)). 
Not a l l p h o t o i n i t i a t e d polymerizations i n v o l v e the production o f 
fr e e r a d i c a l s . I n s o l u t i o n , i o n i c mechanisms may operate. For example 
sodium t e t r a c h l o r o a u r a t e , NaAuCl^.21^0, has been used as a p h o t o s e n s i t i z e r 
23 
i n the c a t i o n i c p o l ymerization o f N-vinylcarbazole. 
(b) Photochemical C r o s s l i n k i n g of Polymers 
A p p l i c a t i o n s of photocrosslinkable polymers can be traced back as 
fa r as the time of the Babylonians who used exposure o f a form o f p i t c h 
24 x 
to l i g h t i n the pre p a r a t i o n of decorations. Niepce, "the world's f i r s t 
photographer 1^ used the n a t u r a l l i g h t s e n s i t i v i t y o f an asphalt, bitumen 
of Judea, i n the pre p a r a t i o n of a h e l i o g r a p h i c copy o f an engraving i n 
1 8 2 2 . 2 2 ' 2 5 
The work of Minsk was of prime importance i n the development of the 
f i e l d , w i t h h i s p r e p a r a t i o n of p o l y ( v i n y l cinnamate) and the i n c o r p o r a t i o n 
of dyes i n t o the coating o f the polymer, p r o v i d i n g a means of photo- , 
26 
s e n s i t i z a t i o n . Some s t r u c t u r e s of l i g h t s e n s i t i v e u n i t s incorporated 
24 
i n t o polymers are i n d i c a t e d i n Fig.1.1. 
C r o s s l i n k i n g may in v o l v e photodimerization v i a cyclobutane formation, 
27 
as i s thought to be the case w i t h poly ( v i n y l cinnamylideneacetate); 
(cinnamylideneacetate = PhCH=CH-CH=CH-C00-). 
FIGURE 1.1 
L i g h t s e n s i t i v e u n i t s incorporated i n t o polymers. 
O l e f i n )C=CC 
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10. 
C r o s s l i n k i n g i s commonly observed as a competing process w i t h 
degradation i n polymers exposed to l i g h t . I n general terms such cross-
l i n k i n g i s l a r g e l y due to reactions of secondary polymer r a d i c a l s 
r e s u l t i n g from cleavage of groups or atoms from the main polymer chain 
( c f . s e c t i o n 1.3). Actual c r o s s l i n k i n g may occur by r a d i c a l combinations 
or by a d d i t i o n to unsaturated s i t e s i n other chains. As an example of 
r a d i c a l combination, i r r a d i a t i o n of p o l y ( e t h y l a c r y l a t e ) f i l m s at 253.7nm 
r e s u l t s i n c r o s s l i n k i n g , the degree of which i s p r o p o r t i o n a l to the 
28 
amount of l i g h t absorbed. Cleavage of the carbon-carbon bond adjacent 
to the carbonyl f u n c t i o n produces a s t a b l e fre e r a d i c a l capable of 
combination at a s i m i l a r s i t e on another chain (1. 5 ) . 
A plethora of examples of photochemical c r o s s l i n k i n g of polymers and the 
r e l a t e d photochemical g r a f t i n g of one monomer to a polymer may be found 
i n the l i t e r a t u r e . 
( c ) Step-growth Photopolymerization 
m u l t i t u d e of w e l l established polymers t h a t have been prepared by 
reactions long c l a s s i f i e d under the general heading of photopolymerization. 
Over the l a s t few years, however, there has been an increasing number of 
reports of polymer reactions of the step-growth type, i n which photo-
chemical reactions are used i n forming the bonds of a l i n e a r polymer 
chain i n each propagation r e a c t i o n . De Schryver and Smets have thus 
CH.CH 
hv OC.H CH»CH (1.5) 
OC.H 
The preceding sections 1.2(a), 1.2(b) b r i e f l y i n d i c a t e the 
pointed out the need to reexamine the concept of photopolymerization. 
Recently they have suggested t h a t the term photopolymerization be reserved 
s p e c i f i c a l l y f o r polymerization processes i n which every chain 
29 
propagation step involves a photochemical r e a c t i o n . I n t h i s sense 
photopolymerization i s d i s t i n c t from p h o t o i n i t i a t e d polymerization. 
De Schryver and Smets have d i v i d e d pho.topolymerizations i n t o three 
classes according to the nature of the species i n t e r v e n i n g i n the 
propagation step. The i n t e r v e n i n g species may be a s i n g l e t e x c i t e d s t a t e , 
a t r i p l e t e x c i t e d s t a t e or a r e a c t i v e ground s t a t e r e s u l t i n g from a 
photochemical r e a c t i o n . Examples of each class have been reported and 
a d e t a i l e d review of polymerizations embraced by the redefined term 
photopolymerization may be found i n sections 1.5-1.12 of t h i s chapter. 
Step-growth photopolymerizations g e n e r a l l y involve the use of 
s u i t a b l e non-conjugated bichromophoric systems. Possible processes 
occurring on e x c i t a t i o n of one of the chromophores are i l l u s t r a t e d i n 
30 
Figure 1.2. J U 
Deactivation of the e x c i t e d s t a t e (path a) may y i e l d ground s t a t e 
s t a r t i n g m a t e r i a l . D e r e a l i z a t i o n o f the e x c i t e d s t a t e over the two 
chromophores (path b) may occur and the r e s u l t i n g complex may also 
deactivate to s t a r t i n g m a t e r i a l (path c ) . Cyclomerization i s possible 
(paths b, d, or path e ) , depending on the p r o b a b i l i t y of r e a c h i n g ^ w i t h i n 
the l i f e t i m e of the e x c i t e d s t a t e i nvolved, a conformation favourable 
31 32 
f o r r e a c t i o n , and on the s t a b i l i t y of t h i s conformation. ' With non-
> 
i d e n t i c a l chromophores in t r a m o l e c u l a r energy t r a n s f e r i s possible 
(paths f and g) as i s subsequent d e a c t i v a t i o n (path h ) . A l l these 
processes are a l t e r n a t i v e s to photopolymerization (path i ) and f o r the 
l a t t e r r e a c t i o n to be successful, due consideration must be given t o the 
possible competing processes. 
FIGURE 1.2 





photoexcited group. chromophoric group 
13. 
1.3 Photodegradation of Polymers 
I n any study on photopolymerization possible d e s t r u c t i v e e f f e c t s of 
l i g h t on the polymers must be taken i n t o account i n the s e l e c t i o n of 
s u i t a b l e systems and r e a c t i o n c o n d i t i o n s . A considerable volume of 
research has been d i r e c t e d towards o b t a i n i n g an understanding of the 
photodegradation and photooxidation of polymers. The d e s t r u c t i o n of 
man-made polymers and changes i n polymer p r o p e r t i e s as a r e s u l t of 
exposure to s u n l i g h t are problems of p a r t i c u l a r i n t e r e s t to i n d u s t r y and 
environmentalists a l i k e . 
I n r e l a t i o n to polymer degradation, u l t r a v i o l e t l i g h t i s responsible 
f o r two major types of r e a c t i o n ; f i r s t l y chain s c i s s i o n i n v o l v i n g 
r u pture of bonds i n the backbone o f the polymer chain leading e v e n t u a l l y 
to the formation of low molecular weight fragments of the polymer, and 
secondly c r o s s l i n k i n g w i t h the formation of an i n s o l u b l e i n f u s i b l e 
network s t r u c t u r e . Competition between these two reactions u s u a l l y 
determines the net e f f e c t of such i r r a d i a t i o n . C r o s s l i n k i n g has already 
been considered i n section 1.2(b). 
An understanding of processes involved i n the i n t e r a c t i o n between 
u l t r a v i o l e t or v i s i b l e l i g h t and polymers i s fundamental to studies of 
33 
polymer photodegradation. Primary processes involved on absorption 
of a photon by a molecule are discussed i n Chapter 2. E f f e c t s of 
i r r a d i a t i o n at s u i t a b l e wavelengths on polymers c o n t a i n i n g chromophores, 
such as the carbonyl group, may be considered i n terms of fundamental 
photochemical reactions of the chromophores. Two fundamental photo-
chemical reactions of simple a l i p h a t i c ketones are o-cleavage and 
y-hydrogen t r a n s f e r (Chapter 2, section 2.5), Products from the 
14. 
p h o t o l y t i c degradation of poly(methyl v i n y l ketone) may be ex p l a i n e d by 
34 
such r e a c t i o n s o c c u r r i n g i n the polymer. 
Amongst many s t u d i e s of the d e s t r u c t i v e e f f e c t s of u l t r a v i o l e t l i g h t 
35 
on polymers are those of Stephenson , who has s t u d i e d the e f f e c t i v e n e s s 
of u l t r a v i o l e t l i g h t i n producing s c i s s i o n , c r o s s l i n k i n g , and degradation 
of p h y s i c a l p r o p e r t i e s i n polymers i n c l u d i n g nylon, p o l y ( e t h y l e n e 
t e r e p h t h a l a t e ) , polyethylene, t e f l o n and a c r i l a n . Decomposition products 
have been i d e n t i f i e d and mechanisms d i s c u s s e d . Free r a d i c a l s produced by 
rupture of a chai n may recombine, g i v i n g no net r e s u l t , or may combine 
w i t h some other r a d i c a l or r e a c t a n t r e s u l t i n g i n s c i s s i o n . F r e e r a d i c a l s 
formed on adjacent s i t e s of d i f f e r e n t molecular chains by C-H bond 
rupture may combine to form a c r o s s l i n k or may combine wi t h mobile s p e c i e s 
35c 
preventing c r o s s l i n k i n g . A t y p i c a l proposed mechanism i s that f o r 
the p h o t o l y s i s of po l y ( e t h y l e n e t e r e p h t h a l a t e ) , shown below ( 1 . 6 ) . 
K i n e t i c e x p r e s s i o n s have been de r i v e d f o r chain s c i s s i o n and c r o s s -
l i n k i n g a s s o c i a t e d with photodegradation, and a p p l i e d to polymers such as 
36 
poly(or-methylstyrene). I n g e n e r a l , polymers producing high monomer 
y i e l d s on p y r o l y s i s a l s o do so on p h o t o l y s i s a t e l e v a t e d temperature, an 
37 
example being the photodegradation of poly(methyl m e t h a c r y l a t e ) . 
Polymers may lose pendant groups on p h o t o l y s i s , p o l y ( v i n y l c h l o r i d e ) 
33 38 
l o s i n g HC1 on exposure to u l t r a v i o l e t i r r a d i a t i o n (or h e a t ) . ' 
Processes o c c u r r i n g on p h o t o l y s i s of polymers may a l s o be a r e s u l t 
of i n d i r e c t r e a c t i o n s r e s u l t i n g from e x c i t a t i o n s and f r e e r a d i c a l 
formation i n v o l v i n g m a t e r i a l s ' f o r e i g n ' to the polymer. Important 
examples are i m p u r i t i e s incorporated during the s y n t h e s i s of polymers, 
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.CH3 + .CH2- e t c 
.H 
CH, 
di s c u s s e d i n Chapter 2. Oxygen may a c t as an a c c e l e r a t o r ( p o l y s t y r e n e ) , 
or an i n h i b i t o r (poly(methyl m e t h a c r y l a t e ) ) towards ch a i n s c i s s i o n , or 
33 
may be without i n f l u e n c e . 
V i n y l polymers are thought to degrade i n s u n l i g h t , owing to the 
presence of small amounts of i m p u r i t i e s which absorb l i g h t and i n i t i a t e 
39 
o x i d a t i v e c h a i n r e a c t i o n s w i t h i n the polymer. I n the o x i d a t i o n p r o c e s s , 
compounds c o n t a i n i n g peroxy and keto groups are formed which absorb i n 
the long wavelength region and a c c e l e r a t e breakdown of polymer c h a i n s . 
16. 
I n general terms, decomposition of hydroperoxide groups on polymer ch a i n 
backbones i s probably r e s p o n s i b l e for the g r e a t e s t amount of polymer c h a i n 
3 
s c i s s i o n o c c u r r i n g i n o x i d a t i v e degradation r e a c t i o n s . 
R R R R 
I I I • I ~ CH0C-CH_-C-CH. ~ -» ~ CH 0C-CH„ + C-CH_~ + HO. 2, 2 ! 2 2, 2 (| 2 
H 00H H O 
1.4 General Requirements f o r Step-growth P o l y m e r i z a t i o n 
The requirements f o r production of a high molecular weight polymer 
by a step-growth mechanism are comparable w i t h those f o r o b t a i n i n g a 
pure product, i n almost q u a n t i t a t i v e y i e l d , i n s y n t h e t i c organic 
chemistry. Maximum molecular weight can only be expected where c o n d i t i o n s 
favour the most e f f i c i e n t r e a c t i o n of the f u n c t i o n a l groups involved. 
A simple equation d e r i v e d by Carothers r e l a t e s the degree of 
poly m e r i z a t i o n to the extent of r e a c t i o n . For r e a c t i o n of a p a i r of 
monomers each c o n t a i n i n g two f u n c t i o n a l groups of the same type (A-A 
and B-B), the po l y m e r i z a t i o n may be represented by e q u a t i o n ( 1 . 7 ) . 
nA-A + nB-B -» A-AfB-B-A-A} .B-B (1.7) 
n-1 
Caro t h e r s ' equation s t a t e s that the degree of p o l y m e r i z a t i o n 
(D.P. = the average number of r e p e a t i n g u n i t s per c h a i n ) i s r e l a t e d to 
the r e a c t i o n conversion, p, of e i t h e r f u n c t i o n a l group, by the e x p r e s s i o n : 
D - p - = 
17. 
Some corresponding D.P.'s and r e a c t i o n conversions are shown i n Table 1.3. 
TABLE 1.3 
D.P.'s as a f u n c t i o n of r e a c t i o n conversion 
( d e r i v e d from Carothers' equation) 








An e q u i v a l e n t e x p r e s s i o n a p p l i e s to s e l f - c o n d e n s a t i o n of a s i n g l e 
monomer of the type A-B co n t a i n i n g two d i s s i m i l a r r e a c t i v e f u n c t i o n a l 
groups. 
As can be seen from the t a b l e high r e a c t i o n conversions are ne c e s s a r y 
to achieve even moderate D.P.'s of around 20. I n a d d i t i o n , to a t t a i n 
such D.P.'s the condensation process must be f r e e of s i d e r e a c t i o n s 
preventing the attainment of t h e o r e t i c a l y i e l d s by consumption of 
f u n c t i o n a l groups without producing i n t e r m o l e c u l a r l i n k a g e s . I n 
polymerizations of the A-A+B-B type, an exact equivalence of f u n c t i o n a l 
groups i s nec e s s a r y to a t t a i n high molecular weights. For a r e a c t i o n 
conversion of 98%,, the presence of only 1% mono f u n c t i o n a l impurity i s 
s u f f i c i e n t to reduce the expected D.P. from 50 to ca. 34.^ Consequently 
18. 
monomers must be a v a i l a b l e i n s t a t e s of high p u r i t y to a i d attainment 
of f u n c t i o n a l group equivalence and avoidance of u n d e s i r a b l e s i d e -
r e a c t i o n s . E s s e n t i a l l y , t h e r e f o r e , to o b t a i n high molecular weight 
polymers the step-growth p o l y m e r i z a t i o n r e a c t i o n s must occur i n v i r t u a l l y 
q u a n t i t a t i v e conversions to a unique product. 
I n view of the rigorous requirements f o r s u c c e s s f u l step-growth 
p o l y m e r i z a t i o n , the r e s u l t i n g polymers, p a r t i c u l a r l y from r e a c t i o n s of 
the A-A + B-B type, are products of f i n i t e molecular weight w i t h at 
l e a s t a few unreacted f u n c t i o n a l groups at the ends of the l i n e a r 
molecules. 
Where monomers c o n t a i n i n g more than two r e a c t i v e f u n c t i o n a l groups 
are present, c r o s s l i n k i n g may occur to give network polymers of much 
g r e a t e r D.P.*s. 
A REVIEW OF KNOWN STEP-GROWTH PHOTOPOLYMERIZATIONS 
19. 
1.5 Four-centre Type Photopolymerization i n the S o l i d S t a t e 
Over the past few years a number of polymers have been prepared 
i n v o l v i n g a four - c e n t r e type s o l i d - s t a t e photopolymerization. To date } 
the major c o n t r i b u t i o n s to t h i s a r e a of r e s e a r c h have been due to Hasegawa 
and co-workers, and a b r i e f review covering the e a r l i e r stages of the 
40 
work has been published. 
The b a s i c coupling r e a c t i o n i n v o l v e d i s the f o u r - c e n t r e c y c l o a d d i t i o n 
of C=C double bonds g i v i n g a cyclobutane type r i n g , ( 1 . 8 ) . 
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I n v e s t i g a t i o n s have been based on the extension of such photodimerizations 
to s o l i d - s t a t e photopolymerizationB of compounds having two dime r i z a b l e 
o l e f i n i c u n i t s per molecule. The r e s u l t i n g polymers have the common 
s t r u c t u r a l f e a t u r e of r e c u r r i n g cyclobutane u n i t s i n the main c h a i n , 
most polymerizations being represented by the equation ( 1 . 9 ) . 
n C=CH-X-CH=C hv. ~C=CH-X c c 
Z,Y 
X - - CH=C \ 7 
n-1 
(1.9) 
I n 1958, Koelsch reported*** that 2 , 5 - d i s t y r y l p y r a z i n e (DSP) was 
converted, i n the s o l i d s t a t e , i n t o a c o l o u r l e s s i n f u s i b l e polymer on 
exposure to u l t r a v i o l e t i r r a d i a t i o n f o r a few hours. T h i s p o l y m e r i z a t i o n 
20. 
was a l s o observed by Hasegawa, and i n a more d e t a i l e d i n v e s t i g a t i o n a 
l i n e a r high molecular weight polymer w i t h r e c u r r i n g cyclobutane u n i t s i n 
42 
the main cha i n was obtained ( 1 . 1 0 ) . 
I n v e s t i g a t i o n of the scope of t h i s type of r e a c t i o n has r e s u l t e d i n the 
production of a range of polymers. Monomers so f a r s u c c e s s f u l l y 
photopolymerized are l i s t e d i n Table 1.4, together w i t h accompanying data 
on the r e s u l t i n g polymers. Photodimerizations on which photopolymerizations 
43 
have been modelled i n c l u d e those of 2 - s t y r y l p y r i d i n e , cinnamic a c i d 
44 45 d e r i v a t i v e s and e t h y l 2-methoxybenzylidene cyanoacetate. Monomers 
y i e l d i n g oligomers only are l i s t e d i n Table 1.5. 
<^-CH=CH - < g V c H=CH - < 0 ) hv 
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Four-Centre Type Photopolymerization i n the S o l i d S t a t e of Phenylene 
D i a c r y l i c Acid D e r i v a t i v e s , ROCCHgCH-Ar-CH"CHCOR, y i e l d i n g Oligomers. 
Monomer Oligomer 
Ar R Y i e l d % 
Elemental A n a l y s i s 
% 
C a l c u l a t e d Found 
Melting Point 
°C 
P-C 6H 4 OC 6H 4N0 2 89 
62.61 C 62.46 
3.51 H 3.32 
6.09 N 5.97 
310-320 
m-C,H. 6 4 OH ~ 100 
66.05 C 67.62 
4.62 H 5.33 230-260 
m-C£H. 6 4 OCH3 ~ 100 
68.28 C 67.40 
5.73 H 5.68 85-95 
P-C 6H 4 OCH 2C 6H 5 a - - -
P- C6 H4 OC 6H 4CH 3
a - - -
P"C 6H 4 OC 4H 9 a - - -
P"C 6H 4 NHC.H o a 4 9 - - -
m-C 6H 4 OC,H a 
O J - - -
Note a. These monomers showed s p e c t r a l change on i r r a d i a t i o n 
(KBr p e l l e t method). 
25. 
( a ) P r e p a r a t i o n and C h a r a c t e r i z a t i o n of Polymers 
Polymers were obtained by d i s p e r s i o n of the c r y s t a l l i n e monomer 
i n an i n e r t medium such as cyclohexane, petroleum e t h e r , or w a t e r - a l c o h o l 
46 
mixtures, and i r r a d i a t i o n w i t h , f o r example, 100-W high p r e s s u r e 
mercury lamps or 500-W xenon lamps. Attempts to photopolymerize the 
monomers i n the molten s t a t e , e.g. p-phenylene d i a c r y l i c a c i d (p-PDA) 
e t h y l e s t e r , or i n s o l u t i o n , e.g. d i c y a n o - p - b e n z e n e d i a c r y l i c a c i d (p-CBA) 
e t h y l e s t e r , were l a r g e l y u n s u c c e s s f u l w i t h , r e s p e c t i v e l y , v i r t u a l l y 
48 
complete recovery of s t a r t i n g m a t e r i a l or f o r s o l u t i o n r e a c t i o n s , 
formation of monomer-solvent adducts or i s o m e r i z a t i o n of s t a r t i n g m a t e r i a l . 
However, amorphous oligomer was obtained from i r r a d i a t i o n (\ > 380 nm) of 
DSP i n c h l o r o f o r m . ^ 
S u i t a b l e s e l e c t i o n of the d i s p e r s i o n medium allowed some c o n t r o l 
over polymerization. DSP d i s s o l v e s s l i g h t l y i n cyclohexane w i t h 
r e s u l t i n g absorption of l i g h t by d i s s o l v e d DSP, and a decrease i n the r a t e 
of s o l i d - s t a t e photopolymerization compared to use of a water-methanol 
53 
d i s p e r s i o n medium i n which DSP i s e n t i r e l y i n s o l u b l e . 
D i r e c t exposure of l a y e r s of c r y s t a l s of dibenzylidenebenzenedi-
a c e t o n i t r i l e s was s u f f i c i e n t f o r t h e i r polymerization."*^ 
Standard procedures were used i n the c h a r a c t e r i z a t i o n of the polymers. 
Elemental a n a l y s e s (Table 1.4) of polymers were i n the same region as 
monomer a n a l y s e s . Changes i n i n f r a r e d s p e c t r a on photopolymerization 
were c o n s i s t e n t w i t h those expected f o r the p o s t u l a t e d course of r e a c t i o n . 
Thus the absorption peak i n the 1640-1600 cm * region (C°C s t r e t c h ) , 
prominent i n monomer s p e c t r a , disappeared on i r r a d i a t i o n . A weak peak 
at ca. 930 cm~* i n poly DSP and p o l y ( l , 4 - b i s [ p > - p y r i d y l - ( 2 ) - v i n y l ] b e n z e n e ) , 
26. 
54 
(poly P2VB) has been assigned to a v i b r a t i o n of the cyclobutane u n i t s . 
Other changes such as disappearance of an absorption peak at 1000-970 cm *, 
i n d i c a t i v e of t r a n s CH=CH bonding i n monomer, and s h i f t of the carbonyl 
48 
group absorption to higher frequency i n p-PDA e s t e r p o l y m e r i z a t i o n , 
were a l s o c o n s i s t e n t with the proposed r e a c t i o n . I n f r a r e d a n a l y s i s of 
the p o l y m e r i z a t i o n was aided by d i r e c t i r r a d i a t i o n of a few m i l l i g r a m s 
48 
of monomer d i s p e r s e d i n a potassium bromide p e l l e t . 
N.m.r. evidence for the presence of cyclobutane u n i t s i n the main 
chains of polymers included a broad band at 5.0-5.16 i n the n.m.r. s p e c t r a 
of poly DSP and poly P2VB, c h a r a c t e r i s t i c , of protons bonded to 1,2,3,4-
t e t r a a r y l a t e d cyclobutane r i n g s . S a t i s f a c t o r y assignment of other 
proton absorptions and s a t i s f a c t o r y i n t e g r a t i o n s have been recorded. 
Chemical evidence f o r polymer s t r u c t u r e s i n c l u d e d the f a i l u r e of 
poly DSP to be brominated under c o n d i t i o n s appropriate f o r bromination 
of DSP. 4 6 
The high molecular weight polymers were high m e l t i n g , c r y s t a l l i n e 
s o l i d s although s l i g h t decomposition to monomers was observed below the 
melting point, a t t r i b u t a b l e to p y r o l y t i c degradation of the cyclobutane 
46 
r e s i d u e s . The h i g h l y c r y s t a l l i n e polymers were only s o l u b l e i n strong 
a c i d s o l v e n t s such as concentrated s u l p h u r i c , t r i f l u o r o a c e t i c or 
d i c h l o r o a c e t i c a c i d s , where the polymers e x i s t i n the s a l t form. 
Lower molecular weight amorphous polymers were at l e a s t p a r t i a l l y 
s o l u b l e i n o r d i n a r y organic s o l v e n t s . 
27. 
(b) P o l y m e r i z a t i o n Mechanism 
K i n e t i c s t u d i e s were c o n s i s t e n t w i t h a step-growth p o l y m e r i z a t i o n 
mechanism. A d e t a i l e d study on DSP photopolymerization showed that the 
reduced v i s c o s i t y at f i r s t i n c r e a s e d g r a d u a l l y w i t h i n c r e a s i n g conversion. 
Above 80% conversion, reduced v i s c o s i t y i n c r e a s e d s h a r p l y and continued 
53 
to r i s e on i r r a d i a t i o n even a f t e r consumption of monomer was complete. 
The molecular weight of the polymer at low conversion had a wide 
d i s t r i b u t i o n . P o l y m e r i z a t i o n proceeded only during i r r a d i a t i o n , r e a c t i o n 
r a t e i n c r e a s i n g w i t h l i g h t i n t e n s i t y , and c r y s t a l l i n e DSP did not 
polymerize under the a c t i o n of f r e e r a d i c a l i n i t i a t o r s such as benzoyl 
53 
peroxide. The k i n e t i c p o l y m e r i z a t i o n behaviour of other polymers under 
c o n s i d e r a t i o n was c l o s e enough to the DSP example to i n d i c a t e a s i m i l a r 
mechanism although p o l y m e r i z a t i o n r a t e and polymer y i e l d v a r i e d from 
48,49 
monomer to monomer. 
DSP, P2VB and p-PDA dimethyl e s t e r could be converted q u a n t i t a t i v e l y 
i n t o h i g h l y c r y s t a l l i n e oligomers ( c a . pentamers) on i r r a d i a t i o n a t the 
52 56 
long-wavelength edge of absorption of the monomer. ' Oligomer 
formation rendered the molecules so produced t r a n s p a r e n t to the i n i t i a l 
i r r a d i a t i o n but r e i r r a d i a t i o n at a s h o r t e r wavelength r e s u l t e d i n 
q u a n t i t a t i v e conversion of oligomers i n t o c r y s t a l l i n e , high molecular 
weight polymers i d e n t i c a l to those obtained on d i r e c t photopolymerization 
to high polymer. Quantum y i e l d s f o r o l i g o m e r i z a t i o n and p o l y m e r i z a t i o n of 
DSP and p-PDA dimethyl e s t e r were between 1 and 2 ( i n terms of number of 
o l e f i n i c double bonds consumed to form the cyclobutane r i n g ) . These 
r e s u l t s i n d i c a t e two kinds of separable, step-growth a d d i t i o n mechanisms 
represented by an o v e r a l l r e a c t i o n scheme (1.11). 
28. 
hv * ( I ) A ^ A 
( i l ) A -I A [A r e p r e s e n t s monomer mo l e c u l e ] 
( i i i ) A + B -» B 
hv 
[B r e p r e s e n t s molecules c o n t a i n i n g 
cyclobutane r i n g s ] 
* ( i v ) B B 
* ( v ) B + B (1.11) 
I r r a d i a t i o n at the long-wavelength edge of absorption of A (hv^) 
r e s u l t s only i n e x c i t a t i o n of A [ i n t e r r u p t i o n of i t - e l e c t r o n conjugation 
leaves B transparent to such i r r a d i a t i o n and t h e r e f o r e i n the ground 
s t a t e ] . Oligomer formation thus occurs converting A i n t o B through step s 
( i i ) and ( i i i ) . E x c i t a t i o n of B ( i v ) r e s u l t s i n production of high 
polymer through a growth r e a c t i o n of the terminal group i n the growing 
cha i n ( v ) . 
I n i t i a l exposure to l i g h t e x c i t i n g both A and B r e s u l t s i n 
o l i g o m e r i z a t i o n and po l y m e r i z a t i o n through steps ( i ) to ( v ) and a l s o 
allows a A + B -» B r e a c t i o n . 
p-CBA n-propyl e s t e r could be s i m i l a r l y photooligoraerized and 
photopolymerized. 
Although s c a l e - l i k e or sword-like c r y s t a l s of DSP r e a d i l y 
53 58 
photopolymerized, n e e d l e - l i k e c r y s t a l s of DSP did not polymerize. ' 
X-ray c r y s t a l l o g r a p h i c s t u d i e s showed a simple r e l a t i o n s h i p between the 
c r y s t a l u n i t s of photopolymerizable c r y s t a l l i n e monomer and polymer 
59 
c r y s t a l s . The monomer c r y s t a l i n which DSP molecules are s u i t a b l y 
arranged for pol y m e r i z a t i o n changes i n t o a three d i m e n s i o n a l l y o r i e n t a t e d 
* 
29. 
polymer c r y s t a l , and both polymer and monomer possess the same space group. 
C r y s t a l axes of the polymer agree i n d i r e c t i o n w i t h those of monomer, 
c r y s t a l chains extending along the 'C a x i s . The r e l a t i v e p o s i t i o n and 
o r i e n t a t i o n of the reactive double bonds are favourable f o r cyclobutane 
f o r m a t i o n . ^ I t was concluded that the photopolymerization was a topo-
chemical p o l y m e r i z a t i o n , three-dimensionally c o n t r o l l e d by the c r y s t a l 
s t r u c t u r e of the monomer. 
Fu r t h e r evidence f o r a topochemical process l i e s i n the change i n 
49 
d e n s i t y during p o l y m e r i z a t i o n of the p-CBA s e r i e s monomers. Where the 
I d e n s i t y change was found to be s m a l l e s t (p-CBA n-propyl e s t e r , i s o p r o p y l 
e s t e r and e t h y l e s t e r ) polymers of highest molecular weight were formed, 
implying the molecules were favourably a l i g n e d i n the monomer c r y s t a l 
to polymerize w i t h l e a s t atomic or molecular movement. 
The topochemical c h a r a c t e r of the r e a c t i o n i s an e x p l a n a t i o n of the 
f a i l u r e of some monomers to polymerize. X-ray a n a l y s i s of DSP and P2VB 
y i e l d e d n e a r l y i d e n t i c a l powder diagrams i n terms of d i f f r a c t i o n angles 
and i n t e n s i t i e s . I n c o n t r a s t l , 4 - b i s [ 8 - p y r i d y l - ( 3 ) - v i n y l ] b e n z e n e (P3VB) 
and l , 4 - b i s [ B - p y r i d y l - ( 4 ) - v i n y l ] b e n z e n e (P4VB) y i e l d e d d i f f e r e n t powder 
diagrams and did not p h o t o p o l y m e r i z e " ^ ' ^ under c o n d i t i o n s s u i t a b l e f o r 
P2VB photopolymerization. 
Q)-CH=CH-<g>-CH=CHH^ { t y 0)"CH=CH-<g)-CH=CH-<^ N 
P3VB P4VB 
30. 
I t has been suggested that non-polymerizable monomers may 
46 
polymerize i n other c r y s t a l m o d i f i c a t i o n s . R e c r y s t a l l i z a t i o n of a,ct'-
d i c y a n o - p - b e n z e n e d i a c r y l i c a c i d , n-propyl e s t e r oligomer"^ or DSP 
52 
oligomer y i e l d e d non-polymerizable oligomers w i t h c r y s t a l s t r u c t u r e s 
d i f f e r e n t from the oligomers as polymerized. 
Also c o n s i s t e n t w i t h a l a t t i c e - c o n t r o l l e d topochemical r e a c t i o n i s 
the f a c t that p o l y m e r i z a t i o n proceeded most r e a d i l y and y i e l d e d the 
hig h e s t , most c r y s t a l l i n e polymers at temperatures f a r below the melting 
point of the monomer. " ^ ' ^ ' ^ For example,with DSP photopolymerization at 
temperatures g r e a t e r than 0°C, there was a marked decrease i n reduced 
53 
v i s c o s i t y as the po l y m e r i z a t i o n temperature i n c r e a s e d . 
( c ) Stereochemistry of Polymers 
There i s c o n f l i c t i n g evidence over the s t e r e o c h e m i s t r y of the 
polymers. O r i g i n a l l y the absolute c o n f i g u r a t i o n , i n c l u d i n g the 
d i s t i n c t i o n between head-to-head and h e a d - t o - t a i l s t r u c t u r e s , of polymers 
46 
such as poly DSP was not e s t a b l i s h e d . However monomers possessed a 
t r a n s - t r a n s o r i e n t a t i o n and p o l y m e r i z a t i o n of the p-PDA s e r i e s of 
monomers with minimum of atomic or molecular movements i n d i c a t e d the 
trans-tians o r i e n t a t i o n must be kept i n the polymer. Formation of a f i v e -
membered c y c l i c anhydride from poly p-PDA i n d i c a t e d a probable head-to-
48 
head s t r u c t u r e (1) w h i l s t the hydrolysed polymer from poly p-PDA 
phenyl e s t e r appeared to give a six-membered c y c l i c anhydride i n d i c a t i v e 
of a l i k e l y h e a d - t o - t a i l s t r u c t u r e ( 2 ) . 
C r y s t a l l o g r a p h i c evidence suggested a 1,3-trans c o n f i g u r a t i o n ( 3 ) 
as most probable for poly DSP, and was supported by the polymer c r y s t a l 
space group P j j c a r e q u i r i n g the centre of symmetry to be at the centre of 
the cyclobutane r i n g . ^ 
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However t h i s was i n c o n s i s t e n t w i t h e a r l i e r presumptions based on the 
hydrodynamic behaviour of s o l u b i l i z e d polymer suggesting a randomly kinked 
62 
polymer chain with 1,2- or 1,3-cis c o n f i g u r a t i o n . 
(d) Other Data Obtained on poly DSP 
Thermal behaviour, dynamic v i s c o e l a s t i c behaviour and e l e c t r i c a l 
63 
p r o p e r t i e s of poly-DSP have been studied. 
( e ) Depolymerization 
DSP oligomer i n chloroform depolymerized to monomer on i r r a d i a t i o n a t 
52 
340 nm, and p-CBA n-propyl e s t e r oligomer i n 95% ethanol depolymerized 
to monomer on i r r a d i a t i o n at 224 nm.^ 
32. 
1.6 Hhotocycloaddition P o l y m e r i z a t i o n of N,N'-Polymethylenebismaleimides 
I n v e s t i g a t i o n s on the photopolymerization of N,N'-polymethylenebis-
m a l e i r a i d e ^ ' ^ ^ are based on e s t a b l i s h e d photodiraerizations of 
66 maleimides. (1.12) 
2R-N hv s e n s i t i z e r * R-N 
C ^ R 1 R' 
^ C ^ R ' R » ^ / 
N-R (1.12) 
[R = H, R' = Me; R - Ph, R' = H; R - C-H,,, R' = H] 
I n c o n s i d e r i n g the ex t e n s i o n of the s o l u t i o n photochemistry of N-
s u b s t i t u t e d maleimides to N,N' -polymethylenebismaleiraides, 3 f e a s i b l e 
r e a c t i o n paths (1,13) were envisaged, namely photocyclomerization (path 
a ) , photopolymerization to l i n e a r polymer (path b) and production of 
i n s o l u b l e c r o s s - l i n k e d polymer i n v o l v i n g v i n y l type p o l y m e r i z a t i o n ^ 
(path c ) . 
68 31 P r i o r and subsequent i n v e s t i g a t i o n s on the photochemistry of a 
range of N,N'-polymethylenebismaleimides (R =H) i n d i c a t e s that 
photocycloraerization occurs when n ! a 3-7, but the amount of photocyclo-
m e r i z a t i o n reduces d r a m a t i c a l l y f o r n > 7 and i s r e p l a c e d by formation 
of l a r g e l y i n s o l u b l e m a t e r i a l presumably due to c r o s s l i n k i n g . S e l e c t i o n 
of s u i t a b l y s u b s t i t u t e d polymethylenebismaleimides has r e s u l t e d i n the 
formation of some high l i n e a r polymers by repeated 2it + 2n photocyclo-




II 3} fx / N-(CH„) 2 n N I 
(CH„) 2 n 
0 0 
I n s o l u b l e c r o s s 
N — (CH ) -N | (CH.) -N l i n k e d polymer x 2'n 
0 0 
(1.13) 
Benzophenone-sensitized s o l u t i o n phase photopolymerization of 
N.N'-polymethylenebisdichloromaleimides has r e s u l t e d i n a range of polymerB, 
some data f o r which i s shown i n Table 1.6. S e l e c t e d data on u n s e n s i t i z e d 
photopolymerization of s u b s t i t u t e d NjN'-polymethylenebismaleimides i s given 
i n Table .1.7. 
( a ) P r e p a r a t i o n and C h a r a c t e r i z a t i o n of Polymers 
Dichloromethane s o l u t i o n s of monomer and benzophenone s e n s i t i z e r , 
where appropriate, contained i n stoppered Pyrex r e a c t i o n v e s s e l s were 
i r r a d i a t e d i n the 350 nm region. High monomer p u r i t y n e c e s s i t a t e d 
p u r i f i c a t i o n by column chromatography and s o l u t i o n s f o r i r r a d i a t i o n were 
f i r s t streamed w i t h n i t r o g e n or argon. A f t e r i r r a d i a t i o n , products were 
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e i t h e r recovered by p r e c i p i t a t i o n i n t o methanol, f i l t e r i n g and drying, 
or by removal of p r e c i p i t a t e d polymer during i r r a d i a t i o n (polymers with 
an even number of methylene u n i t s i n the r e p e a t i n g u n i t tended to 
p r e c i p i t a t e out during i r r a d i a t i o n ) and s o l v e n t evaporation together 
64 
w i t h Soxhlet e x t r a c t i o n of benzophenone. 
G e n e r a l l y complete polymer s o l u b i l i t y i n one or s e v e r a l common 
organic s o l v e n t s such as chloroform, dichloromethane or N,N-dimethyl-
formamide was c o n s i s t e n t w i t h formation of l i n e a r polymers ( r e a c t i o n 
path 1.13b), polymers with an odd number of methylene u n i t s i n the 
r e p e a t i n g u n i t being the more s o l u b l e . 
Elemental a n a l y s e s were i n e x c e l l e n t agreement w i t h c a l c u l a t e d 
a n a l y s e s and i n f r a r e d s p e c t r a of the polymers e x h i b i t e d c h a r a c t e r i s t i c a l l y 
broad bands with the O C absorption of the monomer (~ 1600 cm absent 
i n the polymer s p e c t r a . N.m. r . s p e c t r a of polymers from the u n s e n s i t i z e d 
photopolymerizations showed s i n g l e t s c h a r a c t e r i s t i c of cyclobutane r i n g 
protons. Polymer from N,N 1-undecamethylenebisbrotnomaleimide showed 
s i n g l e t s a t 4.36 (endo c o n f i g u r a t i o n ) and 3.986 (exo c o n f i g u r a t i o n ) , 
i n t e g r a t i o n r e v e a l i n g an endo/exo r a t i o of 0.22. 
Molecular weight data (Table 1.6, 1.7) i n d i c a t e d p a r t i c u l a r l y high 
polymers from N,N'-nonamethylenebisdichloromaleimide, N,N'-undecaraethyl-
enebisdichloromaleimide and N,N'-undecamethylenebisdimethylmaleimide. 
Thermal a n a l y s i s data on poly-N,N 1-polymethylenebisdichloromaleimides 
i n d i c a t e d thermal s t a b i l i t y (thermo-gravimetric a n a l y s i s under n i t r o g e n ) 
to be independent of D.P., w h i l s t melting ranges v a r i e d w i t h D.P.'s. 
37. 
(b) Mechanism and K i n e t i c s of Photopolymerization 
Both u n s e n s i t i z e d and benzophenone s e n s i t i z e d photopoly-
m e r i z a t i o n s of the polymethylenebismaleimides proceed v i a the t r i p l e t 
manifold of e x c i t e d maleimide u n i t . The step-growth .nature of the 
p o l y m e r i z a t i o n has been v e r i f i e d by s t u d i e s on the growth c h a r a c t e r i s t i c s 
of the p o l y m e r i z a t i o n . 
30 65 69 
The f o l l o w i n g r e a c t i o n scheme (1.14) has been proposed, ' ' 
where A r e p r e s e n t s the chromophore of the bichromophoric system A-A 
E x c i t a t i o n from s i n g l e t ground s t a t e 
( i ) A° _» A to 1st e x c i t e d s i n g l e t s t a t e 
1 kA 
( i i ) A — A ° S i n g l e t d e a c t i v a t i o n 
1 ^ i s c 3 
( i i i ) A — = 2 — * A I n t e r s y s t e m C r o s s i n g 
1 k 
( i v ) A + A° — p o l y m e r P Addition from s i n g l e t manifold 
(v) A 3 — A ° T r i p l e t d e a c t i v a t i o n 
3 o k t 
( v i ) A + A° — — * polymer P 1 Addition from t r i p l e t manifold. 
(1.14) 
i s zero f o r t r i p l e t only p o l y m e r i z a t i o n . 
A p p l i c a t i o n of the steady s t a t e approximation then leads to a r a t e 
of p o l y m e r i z a t i o n ( 1 . 1 5 ) : 
i l i l . SI . " t t [ A ' ^ . ^ o ( 1 1 5 ) 
where <f>. - quantum e f f i c i e n c y of i n t e r s y s t e m c r o s s i n g 1. s c 
I - i n c i d e n t l i g h t i n t e n s i t y (assuming complete 
° l i g h t a b s o r p t i o n ) . 
38. 
I n t e g r a l ton Itrada to the e x p r e s s i o n (1.16) and ( 1 . 1 7 ) , 
1 + P A " In i n i t i a l • 1 0 , ( t - t ) o v i s c o (1.16) 
; I n X + k . n r t 
x - 1 n 
x i n i t i a l = 1 0 , ( t - t ) 0*18C O 
(1.17) 
n 
where p = degree of conversion 
x = ( = D.P. ) = rr~ n 1-p 
Monitoring of the change i n o p t i c a l d e n s i t y (and hence monomer 
co n c e n t r a t i o n ) as a fun c t i o n of time,and a l s o monitoring of the D.P. as 
a f u n c t i o n of time has shown the v a l i d i t y of the ex p r e s s i o n s (1.15, 1.16 
and 1.17) for bismaleimide photopolymerization. I f k » k^ t, the 
photopolymerization should obey zero order k i n e t i c s as i n the case of 
N,N' -polymethylenebi8dimethylmaleimide. For k <3<k^ t Jthe photo-
p o l y m e r i z a t i o n should be f i r s t order i n monomer c o n c e n t r a t i o n aB a 
fu n c t i o n of time, as wi t h N,N'-polymethylenebisbromomaleimides. 
Intermediate k i n e t i c s have been found f o r N,N'-polymethylenebisdichloro-
maleimides (k ~ k . ) . ^ r t dt 
For photopolymerization of N,N'-undecamethylenebisdimethylmaleimide, 
p l o t s of i n t r i n s i c v i s c o s i t y and number average molecular weight a g a i n s t 
degree of conversion have been shown to be n e a r l y i d e n t i c a l hyperbolas 
( F i g u r e 1.3) i n d i c a t i n g a near l i n e a r r e l a t i o n s h i p between i n t r i n s i c 
65 
v i s c o s i t y and number average molecular weight. 
FIGURE 1.3 
Dependence of i n t r i n s i c v i s c o s i t y and number average molecular weight 




[ 7 1 1 
1.0 -
0.6 







( c ) S o l i d - s t a t e .Photopolymerization 
Some N,N'-polymethylenebismaleimides c o n t a i n i n g three methylene 
l i n k u n i t s ( i n c l u d i n g - b i s d i c h l o r o - and - b i s d i m e t h y l - maleimides) are 
a l s o photopolymerizable i n the s o l i d s t a t e , the r e a c t i o n being l a t t i c e 
c o n t r o l l e d . ^ More than three methylene l i n k u n i t s have been shown to 
render polymethylenebisdichloromaleimides non-photopolymerizable owing 
to a change i n molecular packing i n the c r y s t a l s . 
1.7 Photopolymerization of Biscoumarins 
Coumarins may be photodimerized i n s o l u t i o n , an example being 
( 1 . 1 8 ) . 
benzophenone s e n s i t i z e d t r i p l e t photodimerization of 7-acetoxycoumarin 
70 
0 
II 11 0 _ ^ II ^ — . 0-C-Me 
Me-C JQ hv 0 Ph 2C0' (1.18) 
( 9 5 % head-to-head 
exo). 
69 E x t e n s i o n of t h i s r e a c t i o n to biscoumarins has y i e l d e d polymers 
according to the equation ( 1 . 1 9 ) . 
Some data f o r polymers obtained i s given i n Table 1.8. 
41. 
R' R' 
6$>-o o I 0-C - ( - C H J -C-0 2 n 





Photopolymerization of Biscoumarins (R' ° Me) 





12 0.5 22,000 
The linkage has been assumed to be head-to-head as w i t h the 
7-acetoxycoumarin photodimer.^ 
I n c o n t r a s t , d i r e c t i r r a d i a t i o n of the polymet h y l e n e d i c a r b o x y l i c 
a c i d (7-coumarinyl) d i e s t e r s (R' 1 3 H) where n a 4-7 y i e l d e d cyclomers 
( 4 ) and ( 5 ) . 
42. 
( C O 0 0 
// 
C ^ 
V 2 ^ 
(CH.) 0 V 2 n 0 is) o o o 0\x 0 o 
0 
(4 (5) 
D i r e c t i r r a d i a t i o n of s o l u t i o n s of 7,7*-polvmethylenedioxycoumarins 
70 as below, a l s o gave cyclomers (equation 1.20). 
R 
R o o hv °"(CH„) -0 2 n 
( C H J 
\ + h e a d - t o - t a i l isomer. (1.20) 
O o 
R n 
2-11 H H H H R 0 
H H H Me 
H Me H Me 
head-to-head 
43. 
A small amount of i n t e r m o l e c u l a r r e a c t i o n a l s o occurred, the 
q u a n t i t y of oligomeric m a t e r i a l obtained i n c r e a s i n g w i t h i n c r e a s i n g 
s o l u t i o n c o n c e n t r a t i o n . 
However polymers could be obtained on benzophenone s e n s i t i z e d 
i r r a d i a t i o n of higher (n =• 10,11) 7,7'-polymethylenedioxycoumarihs. 
I n t r i n s i c v i s c o s i t i e s of 0.25 (n = 10) and 0.38 (n = 11) i n chloroform, 
at 25°Ciare rep o r t e d . * ^ N.m. r. evidence i n d i c a t e d an a n t i c o n f i g u r a t i o n 
f o r the l a t t e r polymer. 
1.8 S y n t h e s i s of Polyimides by Photoaddition of Bismaleimides to Benzene 
and Alkylbenzenes 
Maleimide and N - s u b s t i t u t e d maleimides r e a d i l y form 2:1 photoadducts 
with benzene ( 1 . 2 1 ) . ^ 
R 




A s i m i l a r r e a c t i o n occurs w i t h alkylbenzenes. Reaction i s thought 
to i n v o l v e 2+2 c y c l o a d d i t i o n of photoexcited maleimide to benzene (or 






followed by D i e l s - A l d e r a d d i t i o n w i t h a second maleimide molecule g i v i n g 
the 2:1 adduct. 
T h i s r e a c t i o n has been extended to photopolymerization i n v o l v i n g the 
73 
s y n t h e s i s of polyimides by photoaddition of bismaleiraides to benzene 
74 
and alkylbenzenes (1.22). 
9 
0 
A 4 9 R X hv + R 
(1.22) 
A + head-to-head N-R and t a i l - t o - t a i l 
o 
s t r u c t u r e s 
Photoreaction i s acetophenone s e n s i t i z e d . Data on monomers used, 
i r r a d i a t i o n times, y i e l d s and temperaturesof onset of decomposition are 
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47. 
(a) Preparation and C h a r a c t e r i z a t i o n of Polymers 
Mixtures of bismaleimide (0.02 mole), acetophenone (2.5 m l . ) , 
acetone ( t o e f f e c t s o l u b i l i t y ) and benzene or alkylbenzene were 
i r r a d i a t e d i n Pyrex t e s t tubes using a 450-W u l t r a v i o l e t lamp. Polymers, 
which p r e c i p i t a t e d out or were deposited on sides of the tubes, were 
washed w i t h acetone and d r i e d . 
Elemental analysis on a t y p i c a l polymer (9, Table 1.9) was 
s a t i s f a c t o r y . 
Polymers of the same basic s t r u c t u r e could be prepared by an 
a l t e r n a t i v e r o u t e ^ i n v o l v i n g the r e a c t i o n of maleic anhydride-benzene 
2:1 a d d u c t s ^ w i t h diamines (1.23) or the r e a c t i o n of the maleic 
78 
anhydride-alkylbenzene 2:1 adduct w i t h diamines. 
P 0 0 
4 A ia NH.RNH hv Y 
0 
4 Polymer 
0 0 0 (1.23) 
I n general, agreement between the i n f r a r e d spectra observed f o r 
polymers prepared by e i t h e r route was good. The only major discrepancies 
were polymers (8 and 10, Table 1.9) where only gross s t r u c t u r e of the 
i n f r a r e d spectra of corresponding polymers was the same, and more gene r a l l y 
the presence of peaks at ca. 1850 cm \ 1085 cm * and 925 cm * i n polymers 
prepared by the anhydride-amine route, such absorptions being a t t r i b u t a b l e 
to unreacted amine or anhydride. These peaks were absent from the spectra 
of polyimides prepared by the photoaddition polymerization. 
48. 
The n.m.r. spectrum of polymer ( 1 1 , Table 1.9) showed symmetrical 
doublets at 67.50-8.46 (aromatic p r o t o n s ) , a broad s i n g l e t at 66.74 
( v i n y l protons) and m u l t i p l e t s t r u c t u r e at 62.90-4.00 ( a l i p h a t i c p r o t o n s ) . 
U l t r a v i o l e t spectra i n a c e t o n i t r i l e i n d i c a t e d both maleimide (\ max 
221 ran) and homoannular diene (\ max 257 nm) endgroups.. 
I n i t i a l .decomposition temperatures were gen e r a l l y around 400°C. 
D i f f e r e n t i a l thermal analysis showed f u r t h e r decomposition around 500°C 
and thermograms were comparable w i t h those of corresponding polymers 
obtained v i a the anhydride-amine route. P y r o l y s i s of polymer (7, Table 
1.9) y i e l d e d benzene as a major decomposition product, a t t r i b u t a b l e t o 
d e c y c l i z a t i o n as w i t h benzene-maleic anhydride photoadducts.^ 
Low polymer s o l u b i l i t y i n such solvents as N,N-dimethylformamide, 
N,N-dimethylacetamide and t r i f l u o r o a c e t i c acid suggested t h a t cross-
l i n k i n g occurred during i r r a d i a t i o n . Polymers from alkylbenzene were 
less soluble than polymers from benzene and c r o s s l i n k i n g by copolymerization 
of bismaleimide w i t h the alkene r e s u l t i n g from photoaddition could be 
enhanced by a l k y l s u b s t i t u t i o n . The high s o l u b i l i t y of polymer ( 1 1 , 
Table 1.9) may be due to the i n f l u e n c e of the s t r o n g l y e l e c t r o n - w i t h -
drawing sulphone group. Polyimides prepared by the anhydride-amine route 
were soluble i n such solvents as t r i f l u o r o a c e t i c acid. 
The p o s i t i o n of the a l k y l s u b s t i t u e n t i n the polyimides was 
un c e r t a i n but the most probable l o c a t i o n i s i n d i c a t e d i n equation (1.22). 
79 
Bryce-Smith has shown t h a t i n the photosensitized a d d i t i o n of maleic 
anhydride to methylbenzenes, s t r u c t u r a l isomers may be produced i n r a t i o s 




O + * 20 
(1.24) 
R1 = Me; R 2 = H, 50%. R 1 = H; R 2 - Me, 50%. 
This could imply the presence of a thermal a c t i v a t i o n step i n the 
r e a c t i o n of a photochemically generated intermediate species, or a 
temperature e f f e c t on e q u i l i b r i a i n v o l v i n g precursor complexes i n s o l u t i o n . 
(b) Mechanism and Factors A f f e c t i n g Y i e l d 
As s t a t e d e a r l i e r , r e a c t i o n i s thought to proceed v i a formation 
of an intermediate homoannular diene. This intermediate may be trapped 
80 
w i t h tetracyanoethylene i n maleimide-benzene photoaddition. Photo-
* 
additions of N-substituted maleimides to benzene i n v o l v e n _» rc t r a n s i t i o n s 
80 
of maleimide which i s l a r g e l y complexed w i t h benzene. Dipo l a r 
intermediates are not thought to be involved i n N - s u b s t i t u t e d maleimide 
photoaddition, i n contrast to maleic anhydride photoaddition to benzene 
80 
where Z w i t t e r i o n i c intermediates (12) are postulated. 
(12) 
50. 
T r i f l u o r o a c e t i c acid i s v i r t u a l l y w i t h o u t e f f e c t on the photoaddition 
of N-butyltnaleimide to benzene, consistent w i t h the conclusions t h a t 
81 
d i p o l a r intermediates are not involved here. 
Yields i n the alkylbenzene series were r e l a t e d to a balance between 
s t e r i c and i n d u c t i v e e f f e c t s . R e a c t i v i t y due to s t e r i c e f f e c t s should be 
i n the order 
Me > Et > I s o p r o p y l > t - B u t y l 
I n d u c t i v e e f f e c t s should operate i n the reverse d i r e c t i o n owing to the 
e l e c t r o p h i l i c nature of the maleimide double bond. 
I n the case of bismaleimides l i n k e d v i a benzene r i n g s , s u b s t i t u e n t s 
ortho to the n i t r o g e n should promote adduct formation by preventing 
c o p l a n a r i t y of the benzene r i n g and maleimide. I t i s thought t h a t 
c o p l a n a r i t y allows the existence of l o w - l y i n g e x c i t e d states w i t h 
consequent quenching of the required r e a c t i v e e x c i t e d intermediate. 
Unexpectedly high y i e l d s from the bismaleimide i n c o r p o r a t i n g a 
sulphone group could have been due to the strong e l e c t r o n - a t t r a c t i n g 
e f f e c t of the group and, i n the case of i t s photoaddition to alkylbenzenes, 
74 
i t has been a l t e r n a t i v e l y suggested t h a t r e a c t i o n may proceed v i a an 
e x c i t e d charge-transfer complex r a t h e r than through a homoannular diene 
intermediate. 
Intramolecular c y c l i z a t i o n of polyroethylenebismaleimides may account 
f o r a decrease i n polymer y i e l d w i t h the bismaleimides c o n t a i n i n g longer 
methylene chains. No i n t e r m o l e c u l a r 2+2 c y c l o a d d i t i o n has been detected 
( c f . s e c t i o n 1.6). 
51. 
1.9 Photopolymerization of Bisanthracene3 
Anthracene undergoes photodlmerization at the 9,10 p o s i t i o n s (1.25) v i a 
a s i n g l e t e x c i t e d manifold of one of the anthracene molecules. The 
c e n t r a l anthracene r i n g s lose t h e i r a r o m a t i c i t y and p l a n a r i t y w h i l s t 
the outer r i n g s are bent outwards from t h e i r o r i g i n a l molecular planes 
82 





Extension o f the r e a c t i o n to bisanthracenes has r e s u l t e d i n the 
83 
synthesis of several polymers (1.26): 
/ 
R o o o o o 
hv R O O 
R / 
(1.26) 
Two series of polymers have been prepared, d i e s t e r s derived from 
a, uj-aliphatic d i a c i d c h l o r i d e s + 9-hydroxymethylanthracenes (AMADE, R = 
-CH„-0-C—<CH 0) -C-O-CH--), and d i e s t e r s derived from 9 - a n t h r o y l c h l o r i d e 2 II Z n || Z 
0 
and an a, u>-aliphatic d i o l (AADE, R = -C-0-4CH2)n~0-|-) 
52. 
9,9'-Linked bisanthracenes may also i n t r a m o l e c u l a r l y photocyclize 
32 
(1.27) i f the number of bonds i n the l i n k does not exceed three. 
hv (1.27) 
Examples include bisanthracenes w i t h 9,9' l i n k s where R • 0-CJ-O, 
-NH-C and -N»N-. 8 4 ^ 
Preparation and C h a r a c t e r i z a t i o n of Polymers 
Dichloromethane s o l u t i o n s of the monomers contained i n Pyrex vessels 
were i r r a d i a t e d at 350 run and the r e s u l t i n g polymers p r e c i p i t a t e d i n 
acetone. Data on the polymerizations and polymers i s given i n Table 1.10. 
Only l i m i t e d molecular weights have been obtained f o r polymers of the 
AMADE ser i e s . Any i n i t i a l head-to-head a d d i t i o n leads to increased 
s t e r i c hindrance f o r a d d i t i o n of the next monomer. 
I n the AMADE series of photopolymerizations, the 1,5-sigmatroplc 
s h i f t of a methylene proton to the 10 p o s i t i o n may occur as a r e a c t i o n 




Photopolymerization of Bisanthracenes 
Monomer, M Polymerization Polymer Properties 
Series n [M] _ j _ mole l i t r e 
I r r a d i a t i o n 
time ( h r s ) M n 
r i25°C 
l li ]CHCl 3 
AMADE 4 0.1 69 6,800 -
AMADE 5 0.2 48 6,400 0.11 
AMADE 6 0.2 48 4,500 0.11 
AMADE 7 0.2 48 6,000 0.14 
AMADE 7 0.2 48 12,000 0.37 
AMADE 8 0.2 48 11,600 0.25 
AADE 9 0.2 24 - 0.88 
AADE 10 0.2 24 - 0.61 
AADE 11 0.2 41 52,000 1.3 






This r e a c t i o n would obviously l i m i t polymer molecular weights, i f 
competitive w i t h the polymerization. Higher molecular weights were 
obtained f o r polymers of the AADE series where such a s h i f t was not 
possible. 
54. 
I t was necessary to exclude oxygen during polymerization, since 
endoperoxide formation by c y c l o a d d i t i o n of oxygen at the 9, 10 anthracene 
p o s i t i o n s could occur. 
Polymers were gen e r a l l y soluble i n halogenated solvents such as 
dichloromethane or chloroform. 
I n f r a r e d and n.m.r. spectra of the polymers were consistent w i t h the 
proposed s t r u c t u r e s , comparison being made w i t h dimers of the model 
compounds 9-anthrylmethylacetate and 9-methylanthroylate. The i n f r a r e d 
spectra (AMADE s e r i e s ) showed s p l i t t i n g of the 1450 cm 1 band (C-H 
bending at 10 p o s i t i o n ) i n t o two bands at 1450 and 1470 cm"1. The C=C 
s t r e t c h (1650 cm ^) disappeared. T e r t i a r y bridgehead protons i n the 
n.m.r. spectra were observed at 3.76 and 4.26 f o r AMADE polymers, and at 
5.86 f o r AADE polymers. 
13 
C analysis of dimer bridgehead protons i n d i c a t e d t h a t only a head-
t o - t a i l dimer was formed from 9-methylanthroylate. N.m.r. study on the 
model dimer from 9-anthrylmethylacetate i n d i c a t e d t h a t h e a d - t o - t a i l and 
head-to-head cycloadducts were formed i n a r a t i o 4:1. 
Polymers could be thermally or photochemically (\ < 300 tun) degraded 
back to monomer8 i n an analogous manner to cleavage of anthracene 
photodimer. 
1.10 Reductive Coupling of Aromatic Diketones to Polybenzopinacols 
86 
The photoreductive coupling of benzophenone i n ethanol or 
8 7 




CH <°>i-<o> 3\ hv O O CHOH + CH (1.29) 
Benzopinacol 
* 
Reaction occurs by n -» n e x c i t a t i o n of benzophenone carbonyl followed by 
reduction and coupling of the r e s u l t a n t k e t y l r a d i c a l s . With benzophenone 
88 
and isopropanol, the y i e l d i s q u a n t i t a t i v e and r e a c t i o n processes may 
be represented by the r e a c t i o n sequence (1.30). 
0 
<o>^ 6> <o>-c o^> hv 
OH OH I I CH 3 ^ own + CH -C-CH CHOH -4 + CH 
OH OH OH I I 
2 
-m 'OWO c — c (1.30) 
H H 
CHn-C-CH, + CH„CCH + 
A d e t a i l e d discussion of t h i s photoreduction r e a c t i o n may be found 
i n Chapter 2. 
56. 
Photoreductive coupling has been extended to the photopolymerization 
89-92 
of benzophenone-type aromatic diketones i n t o polybenzopinacrols (1.31). 
0 0 I I I I 








Polymers have been prepared from a v a r i e t y of monomers and under 
various experimental c o n d i t i o n s . Data on the monomers used, 




De Schryver and co-workers have obtained f a i r l y high molecular 
weight polybenzopinacols by i r r a d i a t i o n of degassed isopropanol-
dichloromethane s o l u t i o n s o f bisbenzophenones at 350 nm ( p r e p a r a t i v e 
method G, Table 1.11). D.P.1s ranged from 23 to 70. E a r l i e r work by 
90 
Higgins and co-workers on m- and p-dibenzoylbenzenes and 4,4'-dibenzoyl-
89 
diphenyl ether ( p r e p a r a t i v e method A), and by Pearson and Thiemann on 
p-dibenzoylbenzene ( p r e p a r a t i v e methods D-F) gave only low molecular 
91 
weight oligomers. M o d i f i c a t i o n s ( p r e p a r a t i v e methods B,C) of Higgins 
o r i g i n a l procedure using an open system under a stream of n i t r o g e n 
r a t h e r than a closed vessel under a n i t r o g e n atmosphere,and s h o r t e r 
i r r a d i a t i o n times gave a s i g n i f i c a n t l y higher polymer from 4,4'-dibenzoyl-
diphenyl ether. Polymers from 4,4'-dibenzoyldiphenyl sulphide, 
4,4'-dibenzoyldiphenyl-methane and -ethane were also obtained by the 
modified procedures B,C, but m- and p-dibenzoylbenzenes and 4,4*-
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Higgins showed t h a t use o f a 450-W lamp w i t h Pyrex f i l t e r instead 
of a 100-W long wavelength lamp allowed much shorter i r r a d i a t i o n times 
91 
but produced polymers of lower inherent v i s c o s i t y . The correspondingly 
lower molecular weight polymers may have been a r e s u l t of cleavage of 
91 
C-C bonds w i t h the higher i n t e n s i t y i r r a d i a t i o n . 
The reported f a i l u r e of m- and p-dibenzoylbenzenes and 4,4'-
91 
dibenzoyldiphenyl to form good polymers has been a t t r i b u t e d to a 
* 
bathochromic s h i f t o f the n -* n absorption i n going from benzophenone 
* 
to these diketones, r e s u l t i n g i n overlap w i t h the n -» it absorptions and 
lack of e f f i c i e n t hydrogen a b s t r a c t i o n from the l o w - l y i n g i t , it t r i p l e t . 
High polymers showed no carbonyl absorptions (~ 1650 cm i n t h e i r 
i n f r a r e d spectra but low molecular weight polypinacols showed considerable 
90 
r e s i d u a l carbonyl s t r e t c h , which may be a t t r i b u t a b l e to unreacted 




Strong broad bands centred around 3500 cm were c h a r a c t e r i s t i c of 
91 
the t e r t i a r y OH groups i n the polypinacols. Higgins prepared model 
pinacols by photocoupling of p-benzoyldiphenyl ether and p-benzoyldi-
phenylethane, and by coupling of p-benzoyldiphenylmethane w i t h magnesium 
93 
and i o d i n e . I n f r a r e d spectra of the r e s u l t i n g model pinacols and the 
corresponding p o l y p i n a c o l s i n d i c a t e d the l a t t e r to be c o n s i s t e n t w i t h the 
proposed s t r u c t u r e s . I n f r a r e d s p e c t r a of oligomers from m- and p-
dibenzoylbenzencs compared w i t h the i n f r a r e d spectrum of benzopinacol. 
N.m.r. s p e c t r a of the oligomers from m- and p-dibenzoylbenzenes and 
90 
4,4'-dibenzoyldiphenyl e t h e r showed a sm a l l peak at 5.36 corresponding 
91 
to benzhydryl protons. Subsequent polymers obtained by Higgins and 
92 
De Schryver showed no benzhydryl hydrogen i n t h e i r n.m.r. s p e c t r a , 
91 
coupling o c c u r r i n g more r e a d i l y . Higgins has suggested t h a t i n 
p r e p a r a t i v e methods 8, C , t h i s may be a r e s u l t of i n c r e a s e d monomer 
co n c e n t r a t i o n compared to method A, and that weaker reducing s o l v e n t s may 
90 
a l s o y i e l d higher molecular weight polymers. 
Pearson and Thiemann have s t u d i e d the i r r a d i a t i o n of p-dibenzoyl-
89 
benzene i n isopropanol i n some d e t a i l . Under 'normal' i r r a d i a t i o n 
c o n d i t i o n s ( p r e p a r a t i v e method D) a polymer comprising ca. 5 coupled 
monomer u n i t s was obtained. The n.m.r. spectrum of t h i s polymer e x h i b i t e d 
the f o l l o w i n g f e a t u r e s : 61.3 ( s i n g l e t CH 3), 62.4 (broad s i n g l e t OH), 
63.0 (broad s i n g l e t OH), 65.8 (v. weak, benzhydryl H), 67.8 ( m u l t i p l e t , 
aromatic H). The n.m.r. s i g n a l a t 65.8 i n d i c a t e d a t l e a s t h a l f the 
polymer ends were capped w i t h benzhydryl hydrogen ( 1 4 ) . 
OH OH OH OH 
"9 I 
OH OH 
(14) X = H 
62. 
I n t e g r a t i o n I n d i c a t e d that a few polymer chains terminated with 
iaopropyl alcohol groups (X • (CH^^COH) w h i l s t the remainder of the 
polymer was designated to be i n c y c l i c form. More severe i r r a d i a t i o n 
c o n d i t i o n s ( p r e p a r a t i v e method E ) y i e l d e d a polymer capped w i t h almost 
e x c l u s i v e l y hydrogen, the n.m.r. s i g n a l a t 65.8 being much stronger. 
Milder i r r a d i a t i o n c o n d i t i o n s ( p r e p a r a t i v e method F ) y i e l d e d a c y c l i c 
product w i t h only aromatic (67-7.5) and OH (63.0) proton n.m.r. s i g n a l s . 
I n f r a r e d s p e c t r a of these products from p-dibenzoylbenzene showed 
89 
the absence of carbonyl groups. 
89-91 
Elemental a n a l y s e s of p o l y p i n a c o l s , where reported, were 
sometimes i n only f a i r agreement w i t h the r e q u i r e d v a l u e s . 
89 94 
During i r r a d i a t i o n s of m- and p-dibenzoylbenzenes ' and 4,4'-
92 89 dibenzoyldiphenylalkanes a yellow colour has been observed. Pearson 
has suggested t h i s i s due to the intermediate (15) i n the case of 
p-dibenzoylbenzene. Evidence i s based on long wavelength absorption at 
416.4 nm, the n o n r a d i c a l nature of the intermediate (which showed no 
E.S.R. s i g n a l s ) and i t s s t a b i l i t y . However m-dibenzoylbenzene could not 
form a quinone-dimethide s t r u c t u r e . F u r t h e r d i s c u s s i o n on inte r m e d i a t e s 
may be found i n Chapter 2. 
OH OH 
(15) 
(b) E f f e c t of Solvent Mixtures 
Data has been obtained f o r d i f f e r e n t s o l v e n t mixtures. Higgins 
t 
found a 50:50 mixture to be most s a t i s f a c t o r y f o r benzene-isopropanol 
i r r a d i a t i o n s . I n c r e a s i n g the proportion of isopropanol reduced monomer 
s o l u b i l i t y w h i l s t d e c r e a s i n g the proportion of isopropanol n e c e s s i t a t e d 
91 
longer i r r a d i a t i o n times. For p o l y p i n a c o l s prepared by method A, neat 
isopropanbl, 50:50 THF-isopropanol and 50:50 benzene-ethanol were found 
90 92 
to give s i m i l a r r e s u l t s to 50:50 benzene-isopropanol. De Schryver 
has shown that r e a c t i o n r a t e depends on the nature of the co s o l v e n t . For 
0.05M s o l u t i o n s of 4,4'-dibenzoyldiphenylmethane a t 32°C, r e l a t i v e r a t e s 
f o r a 1:5 molar r a t i o of isopropanol/cosolvent have been found to be, 
chloroform 1, toluene 2.5 and benzene 4. 
( c ) P i n a c o l - P i n a c o l o n e Rearrangement of Polymers 
diphenyl-methane, -ethane and ether have been rearranged i n s u l p h u r i c 
95 
acid-dioxane s o l u t i o n to polybenzopinacolones ( 1 . 3 2 ) . 





O o o n n 
(.1.32) 
N.m.r. evidence suggested that polymer c h a i n m i g r a t i o n was favoured 
over phenyl migration. 
64. 
F u r t h e r syntheses of polybenzopinacols and r e l e v a n t d i s c u s s i o n may 
be found i n Chapter 4. 
1.11 Photoreductive Coupling o f . B i s b e n z a l Imines 
I r r a d i a t i o n of a s e r i e s of benzaldehyde N-aIky1imines (Ar-HC=NR) 
i n 95% ethanol y i e l d s dihydro photodimers 96 
Ar-HC=NR h v 957o ethanol 
H 
A r — C — NHR 
A r — C — NHR 
H 
(1.33) 
For Ar * phenyl, N - a l k y l s u b s t i t u e n t s i n c l u d e R =» C,H,., CH.Ph, 
o i l 2. 
t-Bu and CH^. Benzaldehyde imines with s u b s t i t u e n t s i n the aromatic 
r i n g have a l s o been photodimerized. 
E x c i t e d s t a t e s of the imines are not r e a c t i v e i n t e r m e d i a t e s . K e t y l 
r a d i c a l s appear to be the a c t i v e reducing agents and may be de r i v e d from 
carbonyl compounds present i n the r e a c t i o n mixture as an impurity, an 
added s e n s i t i z e r or as a photogenerated s p e c i e s . ^ 
Thus with benzophenone s e n s i t i z e r and a l c o h o l s o l v e n t s such as 
isopropanol, the photodimerization may be represented by the r e a c t i o n 
sequence (1.34). 
65. 
Ph 2CO* + (CH 3) 2CHOH -» Ph2COH + (CH^COH 
Ph2COH + ArCH=NR -» Ph 2CO + ArCHNHR 
(CH 3) 2COH + ArCH=NR -• CH 3COCH 3 + ArCHNHR ( 1 - 3 4 ) 
Ar-CHNHR 
2 ArCHNHR -• 
Ar-CHNHR 
97 98 
I r r a d i a t i o n of bisitnines has r e s u l t e d ' i n polymer formation by 'true' 
photopolymerization ( 1 . 3 5 ) . 
Ph-HC=N-f CH 0) -N=CH-Ph . * 7 . » -(-CH-NH -f-CH.) -NH-CH +- (1.35) 
2 x a l c o h o l I 2 x I n 
( s e n s i t i z e r ) ^ j , h 
Thus i r r a d i a t i o n of ethylenediamine-N,N'-dibenzylidene (x = 2) and 
propylenediamine-N,N'-dibenzylidene (x = 3) i n ethanol s o l u t i o n has been 
97 
reported to give polymeric products (although not c h a r a c t e r i z e d ) . 
I r r a d i a t i o n of such b i s b e n z a l imines i n isopropanol with benzophenone 
98 
s e n s i t i z e r has been reported to give polymers according to equation 
( 1 . 3 5 ) . 
1.12 S y n t h e s i s of P o l y ( p e r f l u o r o a l k y l e n e Oxides) 
P o l y ( p e r f l u o r o a l k y l e n e o x i d e s ) have been prepared by two photo-
p o l y m e r i z a t i o n r o u t e s . 
99 
The f i r s t route i s based on an iodide coupling r e a c t i o n under the 
i n f l u e n c e of u l t r a v i o l e t r a d i a t i o n and i n the presence of mercury. 
Using such a r e a c t i o n both primary and secondary p e r f l u o r o a l k y l i o d i d e s 
66. 
have been coupled i n high y i e l d , an example being coupling of 
p e r f l u o r o p r o p y l iodide (1.36) 
2 C F 3 C F 2 C F 2 I - j j ^ > C F 3 ( C F 2 ) 4 C F 3 (1.36) 
E x t e n s i o n of t h i s coupling r e a c t i o n to b i s ( 2 - i o d o t e t r a f l u o r o e t h y l ) 
ether has r e s u l t e d i n formation of a polymer with a f l u o r i n a t e d a l k y l e n e 
99 
oxide backbone (1.37). 
0 ( C F 2 C F 2 I ) 2 C F 2 C F 2 C F 2 C F 2 0 4 n (1.37) 
The second route^^" i s an extension of the p h o t o l y s i s of p e r f l u o r o -
a c y l f l u o r i d e s such as n-C^F^COF l e a d i n g p r i m a r i l y to the formation of 
102 
p o l y f l u o r o a l k a n e s (1.38). 
0 
n-C„FjcF n-C,F.. + (n-C QF.,) oCF0C F.. + CO + CO. + COF- (1.38) 3 7 D LH 3 7 2 3 7-n L I 
major 
product 
I r r a d i a t i o n of p e r f l u o r o g l u t a r y l f l u o r i d e (PGF) had a l r e a d y been 
102 
observed to give a s o l i d polymer ( 1 6 ) , (1.39) 
F C ( C F 0 ) . C F - ^ F C [ ( C F 0 ) _ ] CF (1.39) 2. J L 3 n 
(16) 
Subsequently, p o l y ( p e r f l u o r o t e t r a r a e t h y l e n e o x i d e ) (17) was prepared 
103 from pe r f l u o r o o x y d i p r o p i o n y l f l u o r i d e (1.40). 
0 0 0 0 
FCCF_CF_OCF_CF 'CF — > FC(CF oCF.0CF oCF.) CF + FCCF + C0F„ + CO 
2 2 2 2 f c - 7 5 2 2 2 2 n 2 
( 1 7 ) (1.40) 
Other r e l a t e d p e r f l u o r o a c y l f l u o r i d e monomers have s i n c e been 
photopolymerized. 
99 
( a ) Polymers Obtained from Iodine Coupling Reactions 
The polymers were prepared by s e a l i n g a mixture of 0(CF2CF2l)2> 
mercury and a p e r f l u o r i n a t e d s o l v e n t i n a quartz ampoule and i r r a d i a t i n g 
for 5-9 days w i t h a 325-W medium p r e s s u r e mercury lamp. A black 
p r e c i p i t a t e i n d i c a t e d complete r e a c t i o n . Separation of the fluorocarbon 
s o l u t i o n and removal of s o l v e n t gave the polymer CF2CF2OCF2CF2 
S t r u c t u r e has been confirmed by means of elemental a n a l y s i s , i n f r a r e d 
and n.m.r. spectroscopy. 
T y p i c a l l y , number average molecular weights of approximately 40,000 
have been obtained, such polymers being weak elastomers s o l u b l e i n 
p a r t i a l l y or wholly f l u o r i n a t e d s o l v e n t s but i n s o l u b l e i n common organic 
s o l v e n t s . Thermal a n a l y s i s (T.G.A. and D.T.A.) i n d i c a t e d that the 
m a t e r i a l was s t a b l e i n a i r and n i t r o g e n up to ca.400°C. 
The f e a s i b i l i t y of preparing copolymers was demonstrated by the 
s u c c e s s f u l p o l y m e r i z a t i o n of a mixture of 0(CF2CF2l)2 a n d l(CF^)^1. 
Low molecular weight polymers could be produced by a d d i t i o n of 
fluorocarbon monoiodide to 0(CF2CF2l)2» 15 mole/!, of monoiodide g i v i n g a 
polymer of number average molecular weight 4700 and c o n t a i n i n g C^F^^ 
end groups. Polymers with e s t e r end groups were obtained u s i n g 
CH 300C(CF 2).jI but use of NC(CF 2).jI as monoiodide r e s u l t e d i n c r o s s -
l i n k e d m a t e r i a l i n v o l v i n g formation of a C=N- linkage. 
The coupling r e a c t i o n appears to proceed, at l e a s t to some extent, 
v i a the intermediate formation of some type of p e r f l u o r o a l k y l mercury 
compound, probably R f H g l . ^ ^ 
68. 
(b) Polymers Obtained from P e r f l u o r o a c y l Compounds 
I r r a d i a t i o n of p e r f l u o r o g l u t a r y l f l u o r i d e , PGF, i n a quartz 
tube w i t h a low p r e s s u r e mercury resonance lamp fo r 4 days y i e l d e d a s o l i d 
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r e a c t i o n mixture, the nature of which was not e x t e n s i v e l y i n v e s t i g a t e d . 
The s t r u c t u r e was taken to be e s s e n t i a l l y that of long c h a i n d i c a r b o x y l i c 
a c i d f l u o r i d e s ( 1 6 ) . 
I r r a d i a t i o n of p e r f l u o r o o x y d i p r o p i o n y l f l u o r i d e (POPF) i n 
p e r f l u o r i n a t e d s o l v e n t gave a c i d f l u o r i d e terminated p o l y ( p e r f l u o r o -
tetramethylene oxide) (17) i n q u a n t i t a t i v e y i e l d . Other monomers 
s u c c e s s f u l l y polymerized were p e r f l u o r o o x y d i a c e t y l f l u o r i d e (POAF), ( 1 . 4 1 ) , 
0(CF_C0F)„ FC0(CF„0CF,) COF (1.41) 2 2 2 2 n 
and the dimer of POPF (POPF-D), (1.42) 
FC0(CF oCF o0CF / >CF.).C0F -^-» FC0(CF oCF_0CF_CF o) COF (1.42) 2 2 1 1 2 I L I I n 
Copolymers have been obtained from v a r i o u s molar r a t i o s of POAF and 
PGF, some d e t a i l s for which are shown i n Table 1.12 below. 
Mechanism 
Pol y m e r i z a t i o n occurs by a photochemically induced cleavage of 
the CF2-COF bond i n the monomer or growing polymer chain (1.43), The 
-CF2 r a d i c a l s produced may e i t h e r couple to g i v e l i n e a r polymer (1.43 ( i i ) ) 
or a t t a c k the oxygen atom of an a c i d f l u o r i d e group l e a d i n g to a new 
r a d i c a l capable of coupling and thus producing c r o s s - l i n k s ( 1 . 4 3 ( i i i ) ) . 
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TABLE 1.12 









F u n c t i o n a l i t y G l a s s t r a n s i t i o n temperature, °C 
POAF 750 2.6 -48 
POAF/PGF 5:1 1100 3.4 -45 
POAF/PGF 2:1 1000 2.5 -30 
POAF/PGF 1:1 1060 2.7 -13 
a. Obtained a f t e r i r r a d i a t i o n f o r 5 hours at 5-35 C. 
0 0 0 0 
I I I I h v I I I I 
( i ) FCRfCF — ^ FCRf. + . CF 
0 0 0 
I I I I I I h v 
( i i ) 2FCRf. > FCRfRfCF - ^ - J F C O C R f ) COF 
n 
l i n e a r polymer 
0 0 0 0 
( i i i ) FCRf. + FCRfCF * FCRfO _ 
FCRfCF 
,RfCOF 




C o n s i s t e n t with t h i s mechanism,longer i r r a d i a t i o n times y i e l d e d 
higher polymers of g r e a t e r f u n c t i o n a l i t y . For POPF^molecular weights 
(corresponding f u n c t i o n a l i t i e s underlined i n parentheses) ranged from 
500(2) to 15,000 ( 8 ) . The extent of branching appeared to be independent 
of r e a c t i o n temperature i n the range 0-100°C. 
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1.13 F u r t h e r Studies In Step-Growth Photopolymerization 
The f o l l o w i n g chapters of t h i s t h e s i s are concerned w i t h f u r t h e r 
s t u d i e s on carbonyl c o n t a i n i n g compounds as p o s s i b l e bichromophoric 
monomers f o r step-growth photopolymerization. Photochemical r e a c t i o n s 
of carbonyl c o n t a i n i n g compounds are reviewed i n Chapter 2. 
The g r e a t e r proportion of the work has been concerned with s t u d i e s 
on the photocycloadditionof a c a r b o n y l group to a C=C double bond, with 
oxetane formation, as the polymer growth r e a c t i o n . R e s u l t s are 
de s c r i b e d and d i s c u s s e d i n Chapter 4, together with some f u r t h e r s t u d i e s 
on r e l a t e d photopolymerizations producing polybenzopinacols. 
P r e p a r a t i o n of the r e l e v a n t monomers i s de s c r i b e d i n Chapter 3. 
Other photopolymerization s t u d i e s i n v o l v i n g b i s c a r b o n y l compounds 
are reported i n Chapter 5. 
CHAPTER 2 
ASPECTS OF THE PHOTOCHEMISTRY OF CARBONYL COMPOUNDS 
72. 
2.1 Primary Photophysical Processes of Organic Molecules 
The i n i t i a l stage of an o r g a n i c photochemical r e a c t i o n i s the 
absorption of a photon of l i g h t producing an e l e c t r o n i c a l l y e x c i t e d s t a t e . 
Primary photochemical processes then occur i n v o l v i n g the e l e c t r o n i c a l l y 
e x c i t e d s t a t e , followed c h r o n o l o g i c a l l y by secondary or 'dark' (thermal) 
r e a c t i o n s of the v a r i o u s chemical s p e c i e s produced by the primary 
p r o c e s s e s . 
Only l i g h t absorbed i n a system i s e f f e c t i v e i n producing a chemical 
change (Grotthus-Draper l a w ) , and the amount of r a d i a t i o n absorbed i s 
g e n e r a l l y l i m i t e d to one quantum per molecule t a k i n g p a r t i n a r e a c t i o n 
( S t a r k - E i n s t e i n l a w ) . Subsequent primary photochemical p r o c e s s e s are 
those s t a r t i n g w i t h absorption of a photon by a molecule and ending e i t h e r 
w i t h the disappearance of t h a t molecule or i t s conversion to a s t a t e such 
that i t s r e a c t i v i t y i s s t a t i s t i c a l l y no g r e a t e r than t h a t of s i m i l a r 
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molecules i n thermal e q u i l i b r i u m w i t h t h e i r surroundings. 
Substances a r e s e l e c t i v e i n the absorption of r a d i a t i o n depending on 
the presence of chromophores u s u a l l y c o n t a i n i n g p e l e c t r o n s or TT bonds. 
E x c i t a t i o n occurs when the absorption of e l e c t r o n i c energy r e s u l t s i n 
the t r a n s i t i o n of an e l e c t r o n from a bonding or nonbonding o r b i t a l to 
an antibonding o r b i t a l . S e v e r a l d e s i g n a t i o n s e x i s t f o r t r a n s i t i o n s 
i n polyatomic molecules, the more p r e c i s e being s p e c t r o s c o p i c n o t a t i o n s 
i n v o l v i n g symmetry. However fo r photochemical purposes e l e c t r o n i c 
t r a n s i t i o n s are commonly d i s c u s s e d i n terms of the i n i t i a l and f i n a l 
o r b i t a l s of the e l e c t r o n i n v o l v e d i n a t r a n s i t i o n and t h i s n o t a t i o n i s 
* 
used here. Thus n -» TT r e p r e s e n t s the t r a n s i t i o n of an e l e c t r o n from a 
* 
non-bonding o r b i t a l to an antibonding TT o r b i t a l . 
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I n most e l e c t r o n i c e x c i t a t i o n s i n i t i a t i n g photochemical r e a c t i o n s 
one e l e c t r o n per molecule undergoes t r a n s i t i o n to a higher o r b i t a l and 
two h a l f vacant o r b i t a l s are a s s o c i a t e d w i t h the molecule i n the e x c i t e d 
s t a t e . The s p i n of the promoted e l e c t r o n i s no longer defined by the 
P a u l i e x c l u s i o n p r i n c i p l e and may be p a r a l l e l or opposite to t h a t of the 
e l e c t r o n remaining i n the o r b i t a l vacated by the promoted e l e c t r o n . 
Two v a l u e s of s p i n m u l t i p l i c i t y are thus g e n e r a l l y a s s o c i a t e d w i t h the 
e x c i t e d s t a t e : 
i ) S i n g l e t s t a t e , m u l t i p l i c i t y 1 ( s p i n s preserved) 
i i ) T r i p l e t s t a t e , m u l t i p l i c i t y 3 ( s p i n s p a r a l l e l ) 
S i n g l e t - t r i p l e t t r a n s i t i o n s are forbidden by s e l e c t i o n r u l e s but 
n e v e r t h e l e s s observed, u s u a l l y as a r e s u l t of s p i n - o r b i t coupling between 
the e l e c t r o n s p i n and o r b i t a l angular momentum a l l o w i n g r e l a x a t i o n of 
s e l e c t i o n r u l e s . The t r i p l e t s t a t e from a given e l e c t r o n i c c o n f i g u r a t i o n 
i s lower i n energy than the corresponding s i n g l e t s t a t e , a consequence 
of Hunds r u l e . 
E l e c t r o n i c t r a n s i t i o n s occur f a s t e r than changes i n n u c l e a r p o s i t i o n s 
a s s o c i a t e d with v i b r a t i o n . Consequently, geometry obtained upon 
e x c i t a t i o n should be the same as t h a t e x i s t i n g before e x c i t a t i o n (Franck-
Condon p r i n c i p l e ) , and s i n c e p o t e n t i a l - e n e r g y curves i n ground and 
e x c i t e d s t a t e s d i f f e r i n shape, Franck-Condon e x c i t a t i o n u s u a l l y l e a d s to 
the population of higher v i b r a t i o n a l l e v e l s i n the e x c i t e d s t a t e 
( v e r t i c a l t r a n s i t i o n A shown i n F i g . 2 . 1 ) . 
The excess energy of s i n g l e t and t r i p l e t s t a t e s i s u s u a l l y i n the 
range 40-200 K c a l mole ^ and t h i s energy i s f r e q u e n t l y s u f f i c i e n t to 
FIG.2.1 
P o t e n t i a l Energy S u r f a c e s for a Diatomic Molecule 
s i n g l e t E x c i t e d 
S t a t e s t r i p l e t 
P o t e n t i a l 
Energy 
B 
Ground S t a t e 
I n t e r n u c l e a r D i s t a n c e 
allow chemical r e a c t i o n to occur. Other processes by which t h i s excess 
energy may be l o s t are: 
i ) R a d i a t i v e t r a n s i t i o n w i t h emission of l i g h t . 
i i ) R a d i a t i o n l e s s t r a n s i t i o n s between s t a t e s without chemical 
r e a c t i o n . 
i i i ) E l e c t r o n i c e x c i t a t i o n energy t r a n s f e r 
Emission of l i g h t may occur as f l u o r e s c e n c e (emission between s t a t e s of 
the same m u l t i p l i c i t y ) or phosphorescence (emission between s t a t e s of 
d i f f e r e n t m u l t i p l i c i t y ) . Excess v i b r a t i o n a l energy i n the e x c i t e d s t a t e 
i s g e n e r a l l y l o s t very r a p i d l y through c o l l i s i o n ( v i b r a t i o n a l cascade) 
before emission of l i g h t which i s consequently of lower energy than that 
absorbed (Stokes l a w ) . Thermal a g i t a t i o n may sometimes r a i s e the 
e x c i t e d s t a t e to a higher v i b r a t i o n a l energy l e v e l with consequent 
emission of higher energy l i g h t . 
I f absorption occurs to e x c i t e d s t a t e s of higher energy than the 
f i r s t e x c i t e d s t a t e , very r a p i d i s o e n e r g e t i c i n t e r n a l conversion may 
occur l e a d i n g to higher v i b r a t i o n a l l e v e l s of lower e l e c t r o n i c a l l y 
e x c i t e d s t a t e s of the same m u l t i p l i c i t y . Close proximity of p o t e n t i a l 
energy s u r f a c e s and quantum mechanical mixing of s i m i l a r energy s t a t e s 
a i d s i n t e r n a l conversion. F u r t h e r d e a c t i v a t i o n may occur by processes 
d e s c r i b e d above. 
I n t e r c o n v e r s i o n between s t a t e s of d i f f e r e n t m u l t i p l i c i t y may occur 
by the process termed i n t e r s y s t e m c r o s s i n g . The process i s a s s o c i a t e d 
w i t h the c r o s s i n g of p o t e n t i a l energy curves (B, Fig.2.1) and aided by 
s p i n - o r b i t coupling e f f e c t s . The population of t r i p l e t s t a t e s v i a 
i n t e r s y s t e m c r o s s i n g depends l a r g e l y on the l i f e t i m e of the e x c i t e d 
s t a t e , r e l a t i v e l y long l i v e d s i n g l e t s a i d i n g heavy population of the 
appropriate t r i p l e t s t a t e . Following i n t e r s y s t e m c r o s s i n g , v i b r a t i o n a l 
cascade to the lowest v i b r a t i o n a l l e v e l of the t r i p l e t occurs making the 
r e v e r s e t r i p l e t - s i n g l e t conversion process endothermic and u n l i k e l y . 
These r a d i a t i v e and n o n - r a d i a t i v e processes are shown diagrammatically 
i n Fig.2.2. More d e t a i l e d d i s c u s s i o n of the general p h y s i c a l aspects of 
photochemistry may be found i n standard works on the s u b j e c t . 
FIGURE 2.2 
Energy Levels of Molecular Excited States and 
Tr a n s i t i o n s Between Them.^"'C,<* 
The lowest v i b r a t i o n a l energy l e v e l s of a s t a t e are i n d i c a t e d by t h i c k 
h o r i z o n t a l l i n e s , other h o r i z o n t a l l i n e s represent associated v i b r a t i o n a l 
l e v e l s . V e r t i c a l s t r a i g h t l i n e s represent r a d i a t i v e t r a n s i t i o n s , z i g -
zag l i n e s n o n - r a d i a t i v e t r a n s i t i o n s . The orders of magnitude of the 
f i r s t order r a t e constants f o r the various processes are i n d i c a t e d ( i n 
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2.2 E x c i t a t i o n of the Carbonyl Chromophore 
The absorption of l i g h t i n non-conjugated organic molecules u s u a l l y 
involves the promotion of a s i n g l e e l e c t r o n from a c, n or n o r b i t a l i n 
* * 
the ground s t a t e to a prev i o u s l y vacant TT or a antibonding o r b i t a l . 
The simplest example of a molecule con t a i n i n g the carbonyl chromophore 
i s formaldehyde. Molecular o r b i t a l s , appropriate energy l e v e l s and 
e l e c t r o n i c t r a n s i t i o n s f o r formaldehyde are shown diagrammatically i n 
F i g . 2 . 3 . 1 0 6 
With simple ketones, the t r a n s i t i o n of lowest energy i s the weak 
* 
n -• TT t r a n s i t i o n g e n e r a l l y responsible f o r the longest wavelength 
(ca. 290 run) absorption and fundamental i n most photochemical processes 
i n v o l v i n g saturated ketone p h o t o l y s i s . Moderately intense absorptions 
occ u r r i n g i n the 195 nm and 175 nm regions have been subject to some 
dispute over assignment. A very intense absorption around 150 nm 
* * corresponds to a TT - » TT e x c i t a t i o n . The n, TT s t a t e of formaldehyde i s 
a pyramidal species w i t h a very long e s s e n t i a l l y s i n g l e C-0 bond and a 
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s u b s t a n t i a l l y reduced dipole moment. 
The f a c t t h a t energies of the longest wavelength absorptions of 
carbonyl compounds are grouped r e l a t i v e l y c l o s e l y together i n d i c a t e s 
conjugative e f f e c t s are gen e r a l l y small and suggests t h a t the concept 
* 105a of the upper o r b i t a l being a TT molecular o r b i t a l i s an o v e r s i m p l i f i c a t i o n , 
w i t h e x c i t a t i o n appearing to stay l a r g e l y l o c a l i z e d on the heteroatom. 
* * 
Conjugation s h i f t s both the n -» TT and TT - » TT absorption bands to 
longer wavelengths. The lone p a i r o r b i t a l s are r e l a t i v e l y unaffected 
w h i l s t the highest TT o r b i t a l i n the ground s t a t e i s r a i s e d i n energy, 
* 
r e l a t i v e to a non-conjugated carbonyl TT o r b i t a l , and the lowest TT 
FIGURE 2 3 
Molecular O r b i t a l s , Approximate Energy Levels and E l e c t r o n i c 
T r a n s i t i o n s i n Formaldehyde. 
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o r b i t a l lowered i n energy. I n a p p r o p r i a t e l y s u b s t i t u t e d unsaturated 
* 
ketones the n, rr c o n f i g u r a t i o n may become the lowest t r i p l e t s t a t e , the 
* * 105a TT -* n s h i f t being large compared to the n n s h i f t . 
* 
The p o s i t i o n and i n t e n s i t y of the n TT absorption maximum f o r 
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some carbonyl compounds i s given i n Table 2.1. 
TABLE 2.1 
n -» TT T r a n s i t i o n of Selected Carbonyl Compounds i n 
Hydrocarbon Solvents^"^ 
Carbonyl Compound Wavelength of absorption maximum ( X m a x ) 
l o g ^ ( e x t i n c t i o n 
c o e f f i c i e n t ) 
Acetaldehyde 290 1.22 
Acetone 279 1.16 
Crotonaldehyde 327 1.32 
M e s i t y l oxide 321 1.58 
Benzaldehyde 327 1.6 
Acetophenone 326 1.7 
Benzophenone 345 2.1 
For most carbonyl compounds intersystem crossing from the e x c i t e d 
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s i n g l e t to the t r i p l e t s t a t e i s a very e f f i c i e n t process. The quantum 
y i e l d f o r intersystem crossing of benzophenone i s 1.00. With some 
carbonyl compounds, however, the r e l a t i v e energies of the e x c i t e d states 
may be unfavourable f o r intersystem crossing. For example 3- and 4-
pyrenealdehyde, 2-naphthaldehyde, 9-anthraldehyde, 3-acenaphthaldehyde 
and 9-tetracenealdehyde a l l f l u o r e s c e on i r r a d i a t i o n i n ethanol i n d i c a t i n 
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i n e f f i c i e n t intersystem crossing. I n non polar solvents the n -» TT 
t r a n s i t i o n i s s h i f t e d to longer wavelengths and the TT -» rr t r a n s i t i o n 
to shorter wavelengths, and i n heptane solvent, 3-pyrenealdehyde, 2-
naphthaldehyde, 9-anthraldehyde and 3-acenaphthaldehyde become non 
fluorescent w i t h e f f i c i e n t intersystem crossing. 
* 
The commonly accepted p i c t u r e of the n, TT e x c i t e d states of carbonyl 
-,v 
compounds, i n v o l v i n g promotion of a'n' e l e c t r o n to an antibonding TT 
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o r b i t a l , r e s u l t s i n a lone e l e c t r o n l o c a l i z e d on the oxygen. The 
st a t e i s thus f o r m a l l y analogous t o an o r d i n a r y alkoxy r a d i c a l (2.1). 
o o 
: 0 y 
< — > 
o o 
© • 0 y 
(2.1) 
o = 2s unshared electrons 
y = unshared electrons i n the p o r b i t a l J r z 
Such analogy extends to observed reactions where o r d i n a r y alkoxy r a d i c a l s 
are known to abstract hydrogen from and add to o l e f i n s , counterparts of 
, . JJ. . . i i * i _ j 109,111,1 photoreduction and photocycloaddition reactions to be described. 
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2.3 I n t r o d u c t i o n to Organic Photochemistry of Carbonyl Compounds 
The m a j o r i t y of known photochemical reactions of alkanones have 
113 
been c l a s s i f i e d under one of three r e a c t i o n types. 
i ) Cleavage of the bond a to the carbonyl group - No r r i s h type 
I cleavage (eq. 2.2) 
RCOR - ^ 4 RCO 4- R- (2.2) 
i i ) Intramolecular ( N o r r i s h type I I ) or inte r m o l e c u l a r a b s t r a c t i o n of 
a hydrogen atom by the carbonyl oxygen atom (eg. eq.2.3) 
OH 
RCOR + R'H RCR + R' • (2.3) 




^C=C^+RC0R | | (2.4) 
^ ^ -C—C-
I I 
and r e l a t e d s e n s i t i z e d reactions of the o l e f i n i c type compound. 
Aldehydes and aromatic ketones undergo r e l a t e d reactions and 
unsaturated carbonyl compounds (conjugated and non-conjugated) undergo a 
wide v a r i e t y of cleavage, a b s t r a c t i o n , rearrangement and c y c l o a d d i t i o n 
r e a c t i o n s . The vary i n g r e a c t i o n s are discussed i n standard t e x t s , a n d 
discussions s p e c i f i c a l l y r e l a t i n g to carbonyl compound photochemistry may 
be found i n reviews such as those by Swenton^^ and Turro et a l . ^ ^ 
The various types of r e a c t i o n are discussed i n f o l l o w i n g sections 
i n v arying d e t a i l dependent on t h e i r a p p l i c a b i l i t y and relevance to 
possible polymer forming r e a c t i o n s . F i r s t l y , however, the phenomena of 
ph o t o s e n s i t i z a t i o n and quenching w i l l be b r i e f l y considered as they have 
81. 
p a r t i c u l a r bearing on the chemical reactions of e x c i t e d carbonyl 
containing compounds. 
2.4 Quenching and P h o t o s e n s i t i z a t i o n 
E l e c t r o n i c energy t r a n s f e r f r e q u e n t l y occurs between organic 
molecules i n s o l u t i o n . S i n g l e t and t r i p l e t states may be deactivated or 
quenched by i n t e r a c t i o n w i t h some other molecule , e s s e n t i a l l y by energy 
t r a n s f e r from the e x c i t e d s t a t e of one molecule to the ground s t a t e of 
the quencher. T r i p l e t energy t r a n s f e r i s of p a r t i c u l a r importance 
i n r a t i o n a l i z a t i o n of the course of photochemical r e a c t i o n s of carbonyl 
compounds, and may be represented by the scheme (2.5) 
D D ( s i n g l e t ) 
n* i • i \ intersystem. * , . , , ,„ D ( s i n g l e t ) ^J~. > D ( t r i p l e t ) (2.5) crossing r 
* * D ( t r i p l e t ) + A » D + A ( t r i p l e t ) 
[D = donor; A = acceptor] 
T r i p l e t - t r i p l e t t r a n s f e r may quench both the photoreduction'''^ and 
117 
phosphorescence of benzophenone, and may be an important competing 
r e a c t i o n i n the photocycloaddition of carbonyl compounds to o l e f i n s and 
other unsaturated systems. Some examples of quenchers are naphthalene, 
cyclohexane and azulene. I f the t r i p l e t energy of an unsaturated system 
i s lower than t h a t of the carbonyl compound, e f f i c i e n t t r i p l e t - t r i p l e t 
t r a n s f e r may occur to the exclusion of c y c l o a d d i t i o n . T r i p l e t - t r i p l e t 
t r a n s f e r f r e q u e n t l y r e s u l t s i n i s o m e r i z a t i o n or d i m e r i z a t i o n of the 
82. 
unsaturated system. Examples of l.somerization include the c i s - t r a n s 
i s o m e r i z a t l o n of 1,2-dichloroethylene and pent-2-ene i n the presence of 
118 
s e n s i t i z e r s such as benzophenone, cyclohexanone and acetone , and 
i n t e r n a l p h o t o s e n s i t i z a t i o n i n the i s o m e r i z a t i o n of trans-5-hepten-2-one, 
120 
(eq.2.6) and r e l a t e d compounds. 
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An example of d i m e r i z a t i o n i s the acetophenone s e n s i t i z e d 
, 121 dim e r i z a t i o n of norbornene. 
Basic conditions f o r t r a n s f e r of e x c i t a t i o n energy are: 
i ) The donor e x c i t e d s t a t e must be s u f f i c i e n t l y l o n g - l i v e d to 
tr a n s f e r i t s energy to an acceptor before other n o n - r a d i a t i v e or 
r a d i a t i v e decay processes occur. 
i i ) The e x c i t a t i o n energy of the acceptor should not exceed t h a t of 
the donor - otherwise the process would be endothermic. 
i i i ) T o t a l spin must be conserved. 
* 
With carbonyl compounds a knowledge of the n, TT t r i p l e t energies i s 
h i g h l y r e l e v a n t to t h e i r possible use as s e n s i t i z e r s or the f e a s i b i l i t y of 
cy c l o a d d i t i o n r e a c t i o n s , and l i s t s of possible s e n s i t i z e r s and t h e i r 
109 122 
t r i p l e t energies are a v a i l a b l e . ' S i m i l a r l y , r e l a t i v e e f f i c i e n c i e s 
83. 
of o l e f i n s i n quenching t r i p l e t states of ketones such as acetone have 
123 
been determined. 
S e n s i t i z a t i o n i s p a r t i c u l a r l y u s e f u l i n e x c i t a t i o n to t r i p l e t states 
of species t h a t have poor e f f i c i e n c y of intersystem crossing or high 
s i n g l e t e x c i t a t i o n energies. The most e f f e c t i v e s e n s i t i z e r s are those 
t h a t have very e f f i c i e n t intersystem crossings, t h a t absorb p r e f e r a b l y 
at longer wavelength than the acceptor but have a higher t r i p l e t energy 
122 
than the acceptor, and t h a t are photochemically unreactive themselves. 
2.5 Nor r i s h Type I and Type I I P r o c e s s e s ^ ' ^ ^ 
Many ketone and aldehyde photochemical reactions f a l l i n t o these two 
categories. The Norrish type I cleavage may be f o r m a l l y represented by 
cleavage of a -C —C^ bond, followed by decarbonylation. Combination of 
0 
r a d i c a l s , hydrogen a b s t r a c t i o n or secondary f i s s i o n reactions lead to 
various products (2.7 ) . 
(CH_) 2 n c=o 
hv. 




CH =CH-(CH0) (CHJ 2 2 n-3 2 n 
+ CH2=CH2 
r 
L CH, CH, 
84. 
N o r r i s h type I I processes occur w i t h carbonyl compounds possessing 
y-hydrogens abstractable by the carbonyl group a f t e r n TT e x c i t a t i o n . 
Cleavage of the bond a,P to the carbonyl group o f t e n occurs conc u r r e n t l y 
w i t h the i n i t i a l formation of enols and o l e f i n s (2.8) 
H, R" 
0 1 ^ \ C-R' 
( CH9 
0 H R" R' 




Type I cleavage may occur from e i t h e r the e x c i t e d t r i p l e t or s i n g l e t 
124 
s t a t e , as w i t h t - b u t y l a l k y l ketones, and i t s extent i s dependent on 
the s u b s t i t u t i o n at the a-carbon. The process i s consequently 
unimportant w i t h d i a r y l ketones such as benzophenone where an unstable 
phenyl r a d i c a l would be produced. Although the process i s g e n e r a l l y more 
124 
e f f i c i e n t i n the vapour phase, the process may also occur i n s o l u t i o n . 
Type I I processes may also occur from e i t h e r s i n g l e t or t r i p l e t 
125 126 ex c i t e d s t a t e s , as w i t h 2-pentanone and 2-hexanone, and 2-octanone. 
Studies have been made on competing type I and type I I processes, 
127 
f o r example i n a series of n-propyl a l k y l ketones. Type I cleavage 
was found to increase r e l a t i v e to type I I processes as the a l k y l group 
was changed from methyl through to t - b u t y l , probably r e l a t e d to the 
decreasing acyl-carbon bond s t r e n g t h across the series of ketones 
studied. With an unsymmetrically s u b s t i t u t e d ketone, cleavage occurs 
85. 
p r e f e r e n t i a l l y across the weakest C-C bond, methyl e t h y l ketone 
predominantly cleaving to y i e l d an a c e t y l r a d i c a l and e t h y l r a d i c a l at 
114 
313 run. 
The d i f f e r e n t r e a c t i v i t y of e x c i t e d states towards N o r r i s h type I I 
r e a c t i o n i s a f u n c t i o n of e l e c t r o n i c s t r u c t u r e . For example, butyrophenones 
w i t h a p-hydroxy or p-amino s u b s t i t u e n t do not undergo the r e a c t i o n and 
* * 128 have been shown to possess T T , T T r a t h e r than n,n lowest l y i n g t r i p l e t s . 
The diverse products obtained from a l i p h a t i c carbonyl compounds 
generally render them u n s u i t a b l e f o r consideration as possible carbonyl 
compounds undergoing c y c l o a d d i t i o n reactions to oxetanes i n near 
q u a n t i t a t i v e y i e l d . 
2.6 Photoreduction o f Carbonyl Compounds 
(a) I n t r o d u c t o r y Survey 
The photoreduction of carbonyl compounds i n s u i t a b l e hydrogen 
donating solvents has been widely i n v e s t i g a t e d f o r w e l l over h a l f a 
129 86 century, since Ciamician and S i l b e r began research i n the f i e l d . 
Photoreductive coupling has already been discussed b r i e f l y i n Chapter 1 
( s e c t i o n 1.10) w i t h reference to the preparation of polybenzopinacols, 
and i s now discussed i n f u r t h e r d e t a i l . 
The i n i t i a l work of Ciamician and S i l b e r i n d i c a t e d t h a t benzophenone 
was reduced to benzopinacol on exposure of an a l c o h o l i c s o l u t i o n of the 
ketone to s u n l i g h t , (eq.2.9). 
86. 
OH OH / 1 hv » KO alcohol (2.9) 
The mechanism of t h i s r e a c t i o n has already been b r i e f l y i n d i c a t e d 
* 
(Chapter 1, sec t i o n 1.10), r e a c t i o n proceeding v i a the n, TT carbonyl 
t r i p l e t . 
I n the presence of a l k a l i , however, i t was discovered t h a t benzhydrol 
130 
was formed, and i n a series of photoreductions of benzophenone and 
s u b s t i t u t e d benzophenones i n isopropanol co n t a i n i n g a small amount of 
130 
sodium-2-propanolate, Bachmann showed t h a t benzhydrols could be 
obtained i n high y i e l d . He proposed t h a t as f a s t as the pinac o l was 
formed i t decomposed to benzhydrol ( i n the case of benzopinacol) according 
to r e a c t i o n scheme (2.10). 
OH OH ONa ONa 
P h 2 C - C _ P h 2 sodium-2-propanolate., p^Li—Ph,, ^ 2Ph2&0Na 
2Ph2CONa + 2(CH3)2CHOH -• 2Ph2C-OH + 2(CH3)2CHONa 
(2.10) 
'I 
Ph2C0 + Ph2CH0H 
However,proposed mechanisms f o r the formation of benzhydrol from 
benzophenone^""^ i n the presence of a l k a l i have r e c e n t l y been questioned. 
The most i n t e n s i v e l y studied r e a c t i o n i s the actu a l photoreductive 
coupling r e a c t i o n to 1,2-ethanediols. Aldehydes and ketones undergo the 
129 
r e a c t i o n , ketones having received by f a r the most a t t e n t i o n . Some 
87. 
examples of ketones t h a t y i e l d pinacols on a pre p a r a t i v e scale are given 
i n Table 2.2. 
TABLE 2.2 
Some examples of Ketones Undergoing P h o t o p i n a c o l i z a t i o n 
Ketone Hydrogen Donor Solvent Reference 
Benzophenone isopropanol 132 
4,4 1-dimethoxybenzophenone i t 133 
4,4 1-dichlorobenzophenone i t 133 
3-benzoylpyridine i i 134 
Acetophenone butanol 135 
2-,3-, and 4-ac e t y l p y r i d i n e s isopropanol 136 
a - t e t r a l o n e isopropanol 137 
Benzophenone i s the most thoroughly studied ketone, y i e l d i n g benzopinacol 
i n q u a n t i t a t i v e y i e l d . The quantum y i e l d f o r the formation of acetone 
i n the photoreduction of benzophenone i n isopropanol i s n e a r l y constant 
using i r r a d i a t i o n at several d i f f e r e n t wavelengths between 366 and 254 
138 * * nm, suggesting that both n -• TT e x c i t a t i o n and TT -• TT e x c i t a t i o n (of 
109 
the benzene chromophore) may u l t i m a t e l y b r i n g about r e a c t i o n , 
(b) Solvents 
Various solvents have been used as hydrogen donors, i n p a r t i c u l a r 
139 140 
alcohols and alkylbenzenes. ' Many comparisons of solvents have been 
made w i t h benzophenone as r e a c t i n g ketone. Some quantum y i e l d s of 
88. 
benzophenone disappearance i n various solvents are shown i n Table 
2 . 3 . 1 4 1 
TABLE 2.3 
Quantum Yields of Benzophenone Disappearance i n Hydrogen Donor Solvents 
Solvent Molar Concentration of Benzophenone 
Quantum Y i e l d 
of Disappearance 
Water l O " 4 0.02 
Benzene ID" 2 0.05 
Toluene i o - 2 0.45 
Hexane ID" 2 - 10"4 1.0 
Ethanol i o - 4 - ID" 1 1.0 
Isopropanol l O " 5 - ID" 1 0.80 to 2.0 
Where the quantum y i e l d s of benzophenone disappearance are almost zero 
(water and benzene), bond energies w i t h respect to hydrogen a b s t r a c t i o n 
are high enough (> 100 k c a l mole ^) to prevent hydrogen atom a b s t r a c t i o n 
14' 
by the t r i p l e t w i t h anything other than very low c o l l i s i o n a l e f f i c i e n c y . 
I n hexane, toluene and ethanol, quantum y i e l d s are less than or 
140 
equal to u n i t y and concentration independent. I t i s suggested t h a t a l l 
benzophenone t r i p l e t s a bstract a hydrogen atom, the appropriate C-H bond 
energies i n hexane and toluene being approximately 85 and 80 k c a l mole ^ 
r e s p e c t i v e l y . The o v e r a l l quantum y i e l d s then depend on the thermal 
reactions of the r a d i c a l R- formed on a b s t r a c t i o n from the solvent RH. 
Reversion of the primary hydrogen a b s t r a c t i o n r e a c t i o n (eq. 2.11) r e s u l t s 
i n an o v e r a l l quantum y i e l d of less than u n i t y . 
89. 
Ph2COH + R. -» Ph2CO + RH (2.11) 
I n isopropanol where quantum y i e l d s tend to a l i m i t i n g value of 2, 
R« [= (CH^^COH] may undergo f u r t h e r hydrogen a b s t r a c t i o n w i t h the 
production of acetone and more Ph2&OH (2.12). 
(CH3)2C-OH + Ph2CO -• (CH 3) 2CO + Pt^C-OH (2.12) 
Such an a b s t r a c t i o n i s e n e r g e t i c a l l y improbable i n the benzyl or hexyl 
r a d i c a l s from toluene or hexane. Where ketones are not photoreduced i n 
al c o h o l i c solvents, a more powerful hydrogen donor such as t r i - n -
142 
butylstannane may allow photoreduction, as i s the case w i t h 2-acetonaphthone. 
143 
A r e c u r r i n g problem i n mechanistic studies of benzophenone 
photoreduction i n isopropanol has been the f a i l u r e to detect the mixed 
pinacol (18), whereas analogous cross-coupled products have been 
D, OH OH 
Ph | | CH-
Ph CH3 
(18) 
obtained f o r benzophenone photoreduction i n toluene and cumene, and 
144 
alcohol s o l u t i o n s . Weiner has now shown t h a t t h i s mixed pina c o l i s 
produced on benzophenone photoreduction i n isopropanol, and under 
conditions where a l l acetone k e t y l r a d i c a l s , (CH.j)2COH, are scavenged. 
Weiner thus i n d i c a t e s t h a t the mixed pinacol r e s u l t s from a cage r e a c t i o n , 
r e a c t i o n being best explained by the f o l l o w i n g m o d i fied sequence (2.13). 
Ph 2CO + (CH 3) 2CHOH •* Ph 2Q(OH) + (CH^COH 
(19) 
(19) -• Ph 2C(OH)C(OH)(CH 3) 2 
(19) -» Ph„CHOH + (CHj„CO 
(19) -• Ph„COH + (Cm)„COH 
(CHj„COH + Ph„CO -• (CHj„CO + Ph„COH 
(2.13) 
OH OH 
2Ph_C0H -» Ph -C C-Ph 
( o v e r l i n e r e p r e s e n t s a caged s p e c i e s ) 
The s i g n i f i c a n t f r a c t i o n of cage r e a c t i o n ( o . l l ) r e q u i r e s t h a t , i n 
the p a i r of r a d i c a l s comprising (19) (where the e l e c t r o n s p i n s are 
i n i t i a l l y p a r a l l e l ) , s p i n f l i p p i n g must occur i n some r a d i c a l p a i r s 
p r i o r to d i f f u s i o n out of the s o l v e n t cage. 
I t must be noted t h a t there has been much controversy over the 
nature of intermediates i n the photoreductlon of benzophenones i n 
i s o p r o p a n o l . F i l i p e s c u ^ ^ ' h a s proposed a yellow int e r m e d i a t e of 
s t r u c t u r e (20) i n the cases of bensophenone and 4 - a l k y l s u b s t i t u t e d 
CH 3 CH 3 OH 




benzophenone photoreduction i n isopropanol. For benzophenone, F i l i p e s c u 
suggested a r e a c t i o n scheme (2 . 1 4 ) . 
Ph 2CO* + (CH 3) 2CHOH -• Ph2COH + (CH^COH 
Ph2COH + (CH 3) 2COH (20) (R = H) 
(20) + Ph 2C0 2Ph2COH + ( C H ^ C O (2.14) 
2Ph2COH -» Ph 2C(0H)C(0H)Ph 2 
I t was proposed that (20) y i e l d e d products v i a the dark r e a c t i o n (2.15) 
CH OH CH / 3 Ph Ph-C H 
Ph H 
Products 
However Weiner s t a t e s t h a t the q u a n t i t a t i v e formation of (20) from 
(19) i s i n c o n s i s t e n t w i t h the d e t e c t i o n of the mixed p i n a c o l i n the 
product mixture. W h i l s t observed yellow c o l o r a t i o n i n the r e a c t i o n may 
143 
be due to the presence of ( 2 0 ) , Weiner concludes that the yellow 
intermediate cannot be transformed i n t o products at a r a t e c o n s i s t e n t 
with h i s and e a r l i e r s t u d i e s . 
The low e f f i c i e n c y of photoreduction i n benzene has r e s u l t e d i n the 
s o l v e n t being used i n many s e n s i t i z a t i o n experiments. However, there 
i s a low quantum y i e l d of r e d u c t i o n even with benzene s o l v e n t and 
observations concerning the a c t u a l behaviour of benzophenone t r i p l e t s 
147 
i n benzene s o l v e n t s are confusing. The value given for the quantum 
y i e l d of disappearance of benzophenone i n Table 2.3 i s 0.05 and i s the 
92. 
140 148 
upper l i m i t as determined by Beckett and P o r t e r . Dedinas r e p o r t s 
an i n i t i a l quantum y i e l d of benzophenone disappearance of 5.1 (+0.8, 
-1.5) x 10 ^, i n agreement w i t h e a r l i e r v a l u e s of approximately 1 0 ~ \ ^ ^ 
w h i l s t B e l l and L i n s c h i t z ^ " ^ estimate a quantum y i e l d of 0.1 for 
formation of the primary k e t y l r a d i c a l Pt^COH compared to 0.022 + 0.006 
found by Buettner and Dedinas. ^ "^ ^ D e a c t i v a t i o n of t r i p l e t s i n benzene 
152 153 
has been suggested ' to occur v i a formation of b i r a d i c a l 
intermediates of the type (21) (shown f o r benzophenone). 
153 
Schuster and B r i z z o l a r a have pointed out that t h i s provides a path 
for formation of biphenyl according to the scheme (2.16) 
Ph Ph 
(21) + (21) -» X C - 0 H ( 2 1 6 ) 
/ V V / V X P h 
(22) 
(22) -• 2Ph 2COH + Ph-Ph 
93. 
The major products from i r r a d i a t i o n of benzophenone i n benzene 
3 14 (6 x 10 M s o l u t i o n ) at 290 nm are biphenyl and benzopinacol and C s t u d i e s 
147 
have r e c e n t l y shown that the biphenyl i s e s s e n t i a l l y s o l v e n t d e r i v e d . 
A value of k = 19 M ^ sec ^ has been c a l c u l a t e d for the r a t e of hydrogen 
cl 
147 149 
a b s t r a c t i o n from benzene. Schuster suggests that the quenching 
of benzophenone t r i p l e t s i n aromatic s o l v e n t s i n v o l v e s an i n t e r a c t i o n 
i n c o r p o r a t i n g at l e a s t p a r t i a l charge t r a n s f e r from ketone t r i p l e t as 
donor towards aromatic as acceptor. 
( c ) E f f e c t of S t r u c t u r e on Photoreduction of Aromatic Ketones 
Not a l l ketones are photoreduced to g i v e p i n a c o l s . The r e a c t i v i t y 
of aromatic ketones has been r a t i o n a l i z e d i n r e l a t i o n to the lowest l y i n g 
154 
t r i p l e t l e v e l s of the ketone. When the lowest l y i n g t r i p l e t l e v e l i s 
* 
n, TT , ketones are g e n e r a l l y r e a d i l y photoreducible with quantum y i e l d s 
* 
f r e q u e n t l y approaching u n i t y . Ketones which possess a T T , TT c o n f i g u r a t i o n 
for the lowest t r i p l e t s t a t e , however, are much l e s s disposed towards 
photoreduction, an example being p-phenylbenzophenone. I t i s suggested 
* 
that the higher e f f i c i e n c y i n photoreduction processes by the n, TT s t a t e may a r i s e from the h i g h l y l o c a l i z e d n - e l e c t r o n f th  ox gen, whereas 
* 
i n the T T , TT t r i p l e t s t a t e the unpaired e l e c t r o n s are more d e l o c a l i z e c 
114 142 
and hydrogen a b s t r a c t i o n i s thus more endothermic. ' 
<§r.<? 
h i g h l y r e a c t i v e 
c e n t r e i n hydrogen 




odd e l e c t r o n s d e l o c a l i z e d 
over TT system. 
* 
T T , TT 
94. 
A t h i r d type of p o s s i b l e lowest l y i n g t r i p l e t s t a t e i s a charge-
154 
t r a n s f e r s t a t e . I n p-aminobenzophenone represented by the formula 
DRA, where D i s the electron-donating amino group, R i s the aromatic 
r i n g , and A i s the e l e c t r o n - a c c e p t i n g carbonyl group, three important 
c h a r g e - t r a n s f e r s t a t e s may be considered. These are DR + A corresponding 
to the c h a r g e - t r a n s f e r s t a t e of benzophenone, D +R A corresponding to the 
c h a r g e - t r a n s f e r s t a t e of a n i l i n e and D +RA . The three s t a t e s i n t e r a c t 
w ith one another to give a new low energy c h a r g e - t r a n s f e r (C-T) s t a t e 
not present i n benzophenone or a n i l i n e . The negative charge on the 
oxygen i n t h i s C-T s t a t e r e s u l t s i n v i r t u a l l y zero r e a c t i v i t y towards 
hydrogen atom a b s t r a c t i o n . Polar s o l v e n t s such as isopropanol should 
enhance i n t r a m o l e c u l a r c h a r g e - t r a n s f e r from the e l e c t r o n donating group 
to the carbonyl group, thus h e l p i n g to decrease the energy of such charge-
* 
t r a n s f e r s t a t e s below that of the n, TT s t a t e . 
Thus i n isopropanol where the C-T s t a t e of p-aminobenzophenone i s 
the lowest l y i n g t r i p l e t s t a t e , the quantum y i e l d of p i n a c o l i z a t i o n i s 
zero. I n a l e s s p olar s o l v e n t such as cyclohexane, where the charge-
t r a n s f e r t r i p l e t i s no longer the lowest l y i n g t r i p l e t , p h o t o p i n a c o l i z a t i o n 
of p-aminobenzopherione has been thought to occur q u i t e r e a d i l y w i t h a 
quantum y i e l d of 0.2.^ '"'"' p-Hydroxybenzophenone has been re p o r t e d to 
behave i n a s i m i l a r manner, the molecule r e a c t i n g i n the b a s i c form i n 
the e x c i t e d s t a t e where the pK of i t s protonation e q u i l i b r i u m i s much 
lower than i n the ground s t a t e . 
I n accord with t h i s theory aminobenzophenones can be reduced i n 
isopropanol when converted to t h e i r onium s a l t s . Photoreduction of p-
dimethylaminobenzophenone i n isopropanol i s reported to proceed v e r y 
s l o w l y , the ketone p o s s e s s i n g a c h a r g e - t r a n s f e r band at 352 nm,^"^ a r i s i n g 
95. 
from e x c i t a t i o n to s t r u c t u r e ( 2 3 ) . Addition of HC1 causes a decrease i n 
the i n t e n s i t y of t h i s absorption and i s reported to i n c r e a s e the quantum 
y i e l d of p h o t o p i n a c o l i z a t i o n . 
0-
( C H 3 ) 2 N M ^ ) = = C - < g ) 
(23) 
However, many of these r e s u l t s have r e c e n t l y been questioned and 
are now s u s p e c t . T h u s i n r e l a t i o n to s o l v e n t e f f e c t s on the s u b s t i t u t e d 
benzophenones, although the ketones are u n r e a c t i v e i n isopropanol but 
r e a c t i n cyclohexane, the process, i n f a c t , does not appear to i n v o l v e 
157a 
hydrogen atom a b s t r a c t i o n l e a d i n g to p i n a c o l s . P i t t s s t a t e s that no 
p i n a c o l i s formed on i r r a d i a t i o n of p-aminobenzophenone i n cyclohexane. 
He emphasizes that spectrophotometric methods of a n a l y s i s have f r e q u e n t l y 
been employed i n studying benzophenones and that these methods i n v o l v e 
disappearance of r e a c t a n t r a t h e r than appearance of product. Thus 
a l t e r a t i o n s i n r e a c t i o n paths a r i s i n g from u n c o n t r o l l e d environmental 
changes and l e a d i n g to products other than p i n a c o l s may not be observed. 
157c 
S t u d i e s by Cohen of s o l v e n t e f f e c t s on the i s o m e r i z a t i o n of 
t r a n s - s t i l b e n e i n the presence of benzophenone and aminobenzophenones 
have suggested that the f a i l u r e of p-aminobenzophenone to photoreduce 
i n polar s o l v e n t s r e s u l t s from e s s e n t i a l l y the complete absence of t r i p l e t s 
r a t h e r than the c h a r g e - t r a n s f e r s t a t e i t s e l f being u n r e a c t i v e . Cohen 
suggests that i n isopropanol the c h a r g e - t r a n s f e r s i n g l e t and t r i p l e t 
* 
l e v e l s may be below the n, rr l e v e l s and that i n t e r s y s t e m c r o s s i n g between 
157c 
the l i k e c h a r g e - t r a n s f e r s t a t e s i s slow. I t i s a l s o c onceivable that 
a t r i p l e t i s formed, but i s d e a c t i v a ted and thus, i n e f f e c t , quenched by 
the a l c o h o l . 
P i n a c o l s may only be i s o l a t e d f o l l o w i n g photochemical r e d u c t i o n of 
a r y l ketones i n isopropanol, i f the p i n a c o l s are themselves s t a b l e i n 
129 
i r r a d i a t e d acetone s o l u t i o n s . Thus 9,9'-dihydroxy-9,9'-bixanthene 
133 
i s converted i n t o xanthen-9-one i n s u n l i g h t , (eq.2.17),and correspondingly 
xanthen-9-one i s not converted to the p i n a c o l on i r r a d i a t i o n i n 
isopropanol. 
+ (CH 3) 2CO 
acetone (2.17) 
2[Ol TO] + <CH3)2CHOH 
Ortho s u b s t i t u t e d aromatic ketones, or those w i t h other s u b s t i t u e n t s 
which can form a six-membered r i n g hydrogen bonded to the carbonyl oxygen, 
may tautomerize i n an i n t r a m o l e c u l a r hydrogen a b s t r a c t i o n r e a c t i o n . Thus 
2-methylbenzophenone forms an enol under the i n f l u e n c e of u l t r a v i o l e t 
158 
l i g h t , (eq.2.18), to the complete e x c l u s i o n of p h o t o p i n a c o l i z a t i o n . 
I 
H 
T h i s r e a c t i o n has been i n v e s t i g a t e d i n r e l a t i o n to other a l k y l 
159 
s u b s t i t u t e d ketones, and i s d i s c u s s e d f u r t h e r i n Chapter 5. 
(d) Photoaddition of Ketones to Methylene Groups 
Carbonyl groups may undergo photoaddition to methylene groups 
adjacent to double bonds or aromatic systems. 
Benzophenone r e a c t s w i t h diphenylmethane i n s u n l i g h t to form 1,1,2, 
tetr a p h e n y l e t h a n o l ( e q . 2 . 1 9 ) ^ ^ 
Ph Ph 
Ph oC0 + PhCH„Ph -^-> HO-C—d-H (2.19) 2 2 1 | 
Ph Ph 
I r r a d i a t i o n of benzophenone w i t h bis-(4-methoxyphenyl)methane 
gives the c a r b i n o l and symmetrical dimers of the r a d i c a l s i n v o l v e d i n 
the r e a c t i o n (eq. 2 . 2 0 ) . 1 6 1 / ^ / 0 M e 
Ph 






HO-C-C-OH + H-C-C-H (2.20) 
phph (0) <§> 
OMe OMe 
98. 
Transannular i n t e r a c t i o n between the e x c i t e d carbonyl group of 
cyclododecanone and one of the n e a r e s t methylene groups, w i t h i n t r a m o l e c u l a r 
162 




Many other examples of such photoadditions may be found i n the 
163 
l i t e r a t u r e . 
2.7 Photocycloaddition of Carbonyl Compounds to Unsaturated Systems 
The photocycloaddition of carbonyl compounds to o l e f i n s w i t h the 
formation of oxetanes (eq.2.22) was f i r s t reported by Paterno and C h i e f f i 
















The r e a c t i o n was not r e i n v e s t i g a t e d u n t i l 1954 when Buchi^"^^ 
v e r i f i e d the s t r u c t u r e of the product, and i t i s only i n the l a s t decade 
109 
that the scope and u s e f u l n e s s of the r e a c t i o n has been demonstrated. 
The r e a c t i o n has been named the Paterno-Buchi r e a c t i o n and i s 
f r e q u e n t l y the one chosen for oxetane s y n t h e s i s . S t a r t i n g m a t e r i a l s are 
r e a d i l y a v a i l a b l e and y i e l d s may be n e a r l y q u a n t i t a t i v e , an e s s e n t i a l 
requirement for a p p l i c a t i o n to step-growth p o l y m e r i z a t i o n . Two f a i r l y 
99. 
r e c e n t reviews of the Paterno-Buchi r e a c t i o n are a v a i l a b l e . 
(a) Scope of the R e a c t i o n 
Paterno and C h i e f f i reported t h a t i r r a d i a t i o n of benzophenone i n 
a petroleum mixture r i c h i n 2-methyl-2-butene gave an oxatane i n good 
y i e l d (eq. 2 . 2 3 ) . 1 0 9 
H CH. 
\ / 3 
0 C y + i ^ ° 
V , ' \ „ . Ph 
C H " ~ ( C H 3 ) 2 3 
+ 
(CHj„ Ph, CH, Ph Ph CH 3 CH 3 2 v 3'2 2 3 
(2.23) 
B i i c h i ^ " * photoreacted 2-methyl-2-butene with benzaldehyde, 
acetophenone and n-butyraldehyde and assigned oxetane s t r u c t u r e s to the 
products by i d e n t i f y i n g the carbonyl compounds formed from a c i d - c a t a l y s e d 
cleavage. Numerous oxetanes have subsequently been s y n t h e s i z e d by the 
N 109 109 Paterno-Buchi r e a c t i o n . Arnold has produced a comprehensive t a b l e 
of oxetanes prepared by the r e a c t i o n , and a few examples i n d i c a t i n g the 
scope of the r e a c t i o n are given i n Table 2.4. 
Examination of the examples i n Table 2.4 i n d i c a t e s the v a r i e t y of 
carbonyl compounds and unsaturated systems s t u d i e d . Carbonyl compounds 
s u c c e s s f u l l y undergoing p h o t o c y c l o a d d i t i o n i n c l u d e a l i p h a t i c and aromatic 
aldehydes and ketones, p-quinones, fluoro-compounds and compounds 
con t a i n i n g f u n c t i o n a l groups i n a d d i t i o n to the carbonyl group. O l e f i n s 
used embrace l i n e a r and c y c l i c systems, i n c l u d i n g f l u o r o - o l e f i n s . I n 
a d d i t i o n to o l e f i n s other unsaturated systems have been employed i n c l u d i n g 
a l l e n e s , a c e t y l e n e s and ketenimines. The c y c l o a d d i t i o n may be i n t r a -
molecular as w e l l as i n t e r m o l e c u l a r . 
100. 
TABLE 2. It 
Some Photocycloaddltlons of Carbonyl Compounds to Unsaturated Systems, Yielding Oxetanes 
Carbonyl Compound Unsaturated System Oxetane Oxetane Yield ('/.) 
1 
Ref. 
Perfluoroacetaldehyde C h l o r o t r i f l u o r o -
ethylene 
0 
C F 3 - [ 
H F 
F 2 








(CH 3) 2 
7 165 
Perfluoroacetone Ethylene D 




(CH 3) 2 









1 1 H r





o — -CH3 








: ) 15 169 
2-Benzoylpyridlne Isobutylene Ph — 
1 
2-C5 





0 — . ( C H 3 ) 2 
Ph 2=J '(CH 3) 2 
70 173 
101. 
Table 2.4 contd. 
Carbonyl Compound Unsaturated System Oxetane Oxetane Yield (7.) Ref. 
Benzophenone Norbornene 80 173 174 
m-Dlbenzoylbenzene Isobutylene 
(CH 3) 2 
Ph 
Ph-





1, 4-Benzoquinone Cyclohexene 10 176 
3-0ctyne-2-one Iaobutylene CH, 






/ C 4 H 9 
C 4 H 9 
5-Decyne 
H XC=0 









Table 2.4 contd. 
Carbonyl Compound Unsaturated System Oxetane Oxetane Yield(7.) Re£. 










0 |(CH 3) 2 
4-CH OC H ^ 
N-C(CH3)2CN 
34 183 
Benzophenone Furan SEE CHAPTER 4 
103. 
(b) Mechanism 
As i n the case of photoreduction, most phot o c y c l o a d d i t i o n 
* 
r e a c t i o n s of the carbonyl group are c h a r a c t e r i s t i c of the carbonyl n,n 
109 
s t a t e , and carbonyl compounds undergoing pho t o c y c l o a d d i t i o n g e n e r a l l y • • , 173 undergo photoreduction i n isopropanol. 
The important steps i n the r e a c t i o n for " e l e c t r o n r i c h " o l e f i n s may 
f r e q u e n t l y be adequately represented by the r e a c t i o n scheme ( 2 . 2 4 ) . 
i ) E x c i t a t i o n RCOR h v > R C 0 R * ( s i n g l e t ) 
* * i i ) I n t e r s y s t e m C r o s s i n g RCOR ( s i n g l e t ) -» RCOR ( t r i p l e t ) 
i i i ) D e a c t i v a t i o n RCOR 
i v ) R e action 
( i ) R a d i a t i v e or n o n r a d i a t i v e 
( i i ) With or without quenchers 
( i i i ) With molecular rearrangement 
RCOR 
ground 
s t a t e 
R' R' 
* 





R R 1 
(2.24) 
E x c i t a t i o n of the carbonyl chromophore has a l r e a d y been d i s c u s s e d . 
I n i t i a l e x c i t a t i o n of the carbonyl chromophore i s demonstrated by the f a c t 
t h a t r e a c t i o n may be brought about by i r r a d i a t i o n i n regions where only 
the carbonyl compound absorbs. 
I f the r a t e of i n t e r s y s t e m c r o s s i n g i s f a s t e r than the r a t e of 
d i f f u s i o n i n s o l u t i o n , bimolecular r e a c t i o n s of the e x c i t e d s i n g l e t s t a t e 
w i l l not occur. The r a t e of i n t e r s y s t e m c r o s s i n g i n aromatic carbonyl 
104. 
compounds i s f a s t compared to the r a t e i n a l i p h a t i c carbonyl compounds, 
r e a c t i o n from the e x c i t e d s i n g l e t s t a t e being more l i k e l y i n the l a t t e r 
case. 
D e a c t i v a t i o n of the e x c i t e d s t a t e without oxetane formation may occur 
* 
by a v a r i e t y of competing p r o c e s s e s , the n, n t r i p l e t e x i s t i n g i n f l u i d 
s o l u t i o n for approximately 10 ^ s e c . ^ ^ The r a t e of c y c l o a d d i t i o n must 
be r a p i d enough to occur before the e x c i t e d carbonyl compound r e t u r n s 
to the ground s t a t e by, for example, r a d i a t i v e d e a c t i v a t i o n . S i n g l e t and 
t r i p l e t e x c i t e d s t a t e s may be quenched by i n t e r a c t i o n with some other 
molecule such as the unsaturated system, ( s e c t i o n 2.4). An example of 
the unsaturated system a c t i n g as quencher of the s i n g l e t s t a t e i s i n the 
p h o t o c y c l o a d d i t i o n of fluorenone to dimethyl-N-(cyclohexyl)ketenimine 
A s t r i k i n g decrease i n quantum y i e l d of adduct formation at high keteniraine 
c o n c e n t r a t i o n s i s b e l i e v e d to be due to d e a c t i v a t i o n of the fluorenone 
s i n g l e t s t a t e v i a complex formation with the ground s t a t e of the 
ketenimine. P h o t o e n o l i z a t i o n i s another d e a c t i v a t i o n pathway. 
The a c t u a l p hotocycloaddition g e n e r a l l y i n v o l v e s a t t a c k on the ground 
* 109 
s t a t e o l e f i n by the n, n t r i p l e t e x c i t e d carbonyl compound. 
The r e a c t i o n sequence 
(eq.2.25). 





depicted above i n v o l v e s a d d i t i o n of the lone e l e c t r o n of the oxygen atom 
to an " e l e c t r o n r i c h " unsaturated system g i v i n g a b i r a d i c a l i ntermediate 
which subsequently c l o s e s , forming the oxetane. 
With unsymmetrical " e l e c t r o n - r i c h " unsaturated o l e f i n s two isomers 
may be formed and the stereochemistry of the major adduct i s p r e d i c t e d 
from Markovnikov a d d i t i o n or c o n s i d e r a t i o n of the most s t a b l e b i r a d i c a l 
i n t e r m e d i a t e . T h i s i s c o n s i s t e n t w i t h the simple model for the carbonyl 
n, rr s t a t e p r e d i c t i n g e l e c t r o p h i l i c a t t a c k on the TT system of the C=C 
double bond by oxygen. T h i s should occur p r e f e r e n t i a l l y i n the plane 
of the carbonyl group and produce a b i r a d i c a l , the o r b i t a l s forming the 
C-C bond being orthogonal to each other immediately a f t e r the C-0 bond 
i s formed ( 2 . 2 6 ) . I f the n, n t r i p l e t i s involved, s p i n i n v e r s i o n 
K c . . • 185 must occur before bonding. 
* 
A 





1 ^ O r b i t a l s to form C-C bond orthogonal 
106. 
Evidence f o r the b i r a d i c a l Intermediate i s the degree of r e t e n t i o n 
of c i s - and t r a n s - s u b s t i t u t i o n i n the product from a c i s - or t r a n s -
o l e f i n . I s o m e r i z a t i o n would not occur i f both bonds were formed 
concurrently i n a concerted process w h i l s t bond r o t a t i o n i s possible i n 
the b i r a d i c a l mechanism. I r r a d i a t i o n of benzophenone i n 2-butene y i e l d s 
approximately the same mixture of both isomeric oxetanes s t a r t i n g w i t h 
e i t h e r the c i s - o l e f i n or the t r a n s - o l e f i n before s i g n i f i c a n t i s o m e r i z a t i o n 
109 
of the o l e f i n occurs, i n d i c a t i v e of the b i r a d i c a l mechanism (eq.2.27). 
Photocycloaddition of benzophenone to isobutylene gives the oxetane 
173 
(24) as the major product. 
The intermediate b i r a d i c a l (25) i s more stable than b i r a d i c a l ( 2 6 ) , 
t e r t i a r y r a d i c a l s being more s t a b l e , and leads to the major product (24). 
Ph.CO + CH„CH=CHCH 
CIS or TRANS 
_ / H 3 
o — r 

















Product o r i e n t a t i o n may be inf l u e n c e d by s t e r i c f a c t o r s . For example 
photoaddition of benzophenone to 2-methylnorbornene gives a preponderence 
109 
of isomer (27) over isomer (28). 
(27) 
Isomer (28) i s p r e f e r r e d from the p o i n t of view of r a d i c a l s t a b i l i t y 
and s t e r i c i n t e r f e r e n c e to the a t t a c k i n g oxygen. I f intermediate formation 
i s r e v e r s i b l e , s t e r i c r e p u l s i o n w i l l i n f l u e n c e c l o s i n g of the b i r a d i c a l 
g i v i n g (27). S t e r i c f a c t o r s favour production of the exo oxetane (29) 
from benzophenone and norbornene, the exo p o s i t i o n being more e a s i l y 






exo (29) endo (30) 
The previous discussion on the mechanism of the Paterno-Buchi r e a c t i o n 
has been based e s s e n t i a l l y on a b i r a d i c a l mechanism i n v o l v i n g i n i t i a l 
* 
attack of carbonyl n, rr t r i p l e t . The b i r a d i c a l mechanism i s adequate 
f o r the r a t i o n a l i z a t i o n of many c y c l o a d d i t i o n products, but over the 
past few years there has been p a r t i c u l a r i n t e r e s t i n f u r t h e r studies on 
108. 
mechanism and the nature of intermediates formed during r e a c t i o n s . I t 
has been suggested t h a t the b i r a d i c a l intermediates may undergo cleavage 
to generate isomerized o l e f i n , ( e q . 2 . 2 8 ) , although there has been 
dispute as to whether fragmentation gives t r i p l e t s t a t e o l e f i n * " ^ or 
ground s t a t e o l e f i n . 
R^ C-O-CH-CHR -» R£C0 + c i s and trans RCH=CHR (2.28) 
This i s an a l t e r n a t i v e mechanism to photosensitized i s o m e r i z a t i o n v i a 
energy t r a n s f e r . The p o s s i b i l i t y of some intermediate p r i o r to the 
187 
b i r a d i c a l has been suggested, inconsistencies i n e f f e c t s of o l e f i n and 
ketone s t r u c t u r e on quenching r a t e constants suggesting a charge-transfer 
* 188 complex or exciplex may precede the b i r a d i c a l . A primary i n t e r a c t i o n 
between ketone t r i p l e t and o l e f i n w i t h charge-transfer complex formation 
has been postulated whenever energy t r a n s f e r i s so endothermic as to be 
n e g l i g i b l y s l o w . ^ ^ 
Very r e c e n t l y , l a r g e l y on the basis of isotope e f f e c t s , i t has been 
reported that the primary i n t e r a c t i o n between benzophenone t r i p l e t and 
simple alkenes involves i r r e v e r s i b l e formation of a complex w i t h 
s u b s t a n t i a l charge-transfer character, o l e f i n being the donor and ketone 
190 
the acceptor. A possible s t r u c t u r e f o r the complex has been suggested 
(Fig.2.4) which includes n - o r b i t a l p a r t i c i p a t i o n , a geometry symmetric 
w i t h respect to o l e f i n double bond and which maintains the geometric 
i n t e g r i t y of the o l e f i n . 
* Exciplexes (excimers) are molecular aggregates defined as being s t a b l e 





A s t r u c t u r a l hypothesis f o r the complex between benzophenone 
t r i p l e t and simple alkenes 190 
The d i r e c t i o n of collapse of the complex i s reported to be dependent on 
fa c t o r s i n a d d i t i o n to b i r a d i c a l s t a b i l i t y . Charge d i s t r i b u t i o n ? and 
p o l a r i z a b i l i t i e s i n the complex may be involved. 
Attack of carbonyl n,n s i n g l e t on an "electron r i c h " o l e f i n i s 
191-193 
established and proceeds through a s i n g l e t complex and then v i a 
a concerted or very s h o r t - l i v e d 1 , 4 - b i r a d i c a l pathway w i t h i n s u f f i c i e n t 
time f o r bond r o t a t i o n . For the Paterno-Buchi r e a c t i o n of alkanals, 
191 
Yang has proposed the r e a c t i o n sequence (2.29). 
. 3 * 
** n.TT 
R C H 0 . n > n * (2.29) 
—;—T^*" ['n.TT - o l e f i n ] s i n g l e t b i r a d i c a l -• o l e f i n L ' 
oxetane 
110. 
I n the phot o c y c l o a d d i t i o n of acetone to 1-methoxy-l-butene, both s i n g l e t 
192 
and t r i p l e t b i r a d i c a l intermediates have been postul a t e d , the former 
being expected to c y c l i z e and fragment more e f f i c i e n t l y r e l a t i v e to 
190 
r o t a t i o n about C-C and C-0 bonds. I t has r e c e n t l y been pointed out, 
however, t h a t the value and v a l i d i t y of simple concepts,like slowness of 
spin i n v e r s i o n r e l a t i v e to bond r o t a t i o n rates, i n b i r a d i c a l s have been 
A 1 9 4 
questioned. 
Intramolecular c y c l o a d d i t i o n i n 5-hepten-2-one i s thought to 
195 
proceed v i a s i n g l e t exciplex formation. 
Photocycloaddition to " e l e c t r o n - d e f i c i e n t " o l e f i n s such as a, B 
unsaturated n i t r i l e s involves attack of s i n g l e t e x c i t e d carbonyl compound 
196-199 
on the o l e f i n to give a s i n g l e t complex i n which an e l e c t r o n 
* 
appears t o have been t r a n s f e r r e d from the carbonyl n,rr s t a t e to the o l e f i n 
Oxetanes may be formed by photocycloaddition t o conjugated dienes 
v i a s i n g l e t e x c i t e d ketone attack on ground s t a t e diene g i v i n g a s i n g l e t 
complex w i t h charge-transfer c h a r a c t e r . I t has been suggested t h a t 
oxetane formation from 2,3-dimethyl-l,3-butadiene and benzophenone 
201 
proceeds by a d d i t i o n of diene t r i p l e t to ground s t a t e benzophenone, 
but B a r l t r o p l a t e r proposed a mechanism i n v o l v i n g attack of e x c i t e d 
202 
t r i p l e t benzophenone on ground s t a t e diene. Other re p o r t s of oxetane 
formation from e x c i t e d o l e f i n and ground s t a t e carbonyl compound have 
r e c e n t l y been made. 
An upper e x c i t e d e l e c t r o n i c s t a t e of 9-anthraldehyde may be r e a c t i v e 
i n i t s Paterno-Buchi r e a c t i o n . 
Exciplex formation between the e l e c t r o n d e f i c i e n t aromatic r i n g of 
* 
the TT,TT e x c i t e d s i n g l e t s t a t e of the esters d i m e t h y l t e r e p h t h a l a t e and 
111. 
di m e t h y l i s o p h t h a l a t e , and the o l e f i n 2-methyl-2-butene has been proposed 
205 
f o r the associated photocycloaddition r e a c t i o n , the r e a c t i o n scheme 
being (2.30). 
Ester h\> -• [ E s t e r ] , O l e f i n ^  [Complex] 
TT 
d i r e c t 








E x c i t a t i o n of charge-transfer complexes from anhydrides and " e l e c t r o n -
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r i c h " o l e f i n s i s reported to lead to oxetanes. 
(c) L i m i t a t i o n s 
Many r e s t r i c t i o n s on successful photocycloadditions y i e l d i n g 
oxetanes have already been considered i n the preceding discussion. 
A major competing r e a c t i o n i s hydrogen a b s t r a c t i o n and i n t r a m o l e c u l a r , 
intermolecular and solvent hydrogen ab s t r a c t i o n s have already been 
discussed. O l e f i n s w i t h e a s i l y a b s t r a c t a b l e hydrogens should be avoided. 
Benzaldehyde adds to cyclohexene and also abstracts hydrogen from i t 
( e q . 2 . 3 1 ) . 1 0 9 
PhCHO + hv 
OH OH OH I I I 





Hydrogen a b s t r a c t i o n from the oxetane i t s e l f must also be 
considered, hydrogen Of to ether oxygen being susceptible to a b s t r a c t i o n . 
* 
Attainment and s u f f i c i e n t l i f e t i m e of the n,n s t a t e of the 
carbonyl compound i s most o f t e n a p r e r e q u i s i t e of r e a c t i o n and some 
fa c t o r s i n f l u e n c i n g the nature of the lowest l y i n g e x c i t e d s t a t e have 
already been discussed i n section 2.6. Cyclobutane formation may be an 
a l t e r n a t i v e r e a c t i o n to oxetane formation, as w i t h 1,4-quinones such as 
c h l o r a n i l ( e q . 2 . 3 2 ) . ^ ^ 
109,20 
\ R R 
hy , R 
R (2.32) 
Energy t r a n s f e r to the unsaturated system has again already been 
considered ( s e c t i o n 2.4). 
S t a b i l i t y of the b i r a d i c a l intermediate i n most reactions r e s t r i c t s 
the possible isomers y i e l d e d by the r e a c t i o n . 
N o r r i s h type I and type I I processes may compete w i t h oxetane 
formation. N o r r i s h type I rupture of a c y l - h a l i d e bonds of p e r f l u o r o a c y l 
chlorides and bromides competes w i t h oxetane formation from these 
carbonyl compounds. 
Some other reactions of carbonyl compounds, t h a t could compete 
w i t h oxetane formation are i n d i c a t e d b r i e f l y i n section 2.8. 
Products must be st a b l e to the i r r a d i a t i o n conditions used. 
Oxetanes are transparent i n the long wavelength region but may r i n g 
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open on i r r a d i a t i o n at short wavelengths. 
113. 
Photochemically a c t i v e chromophores present i n a d d i t i o n to the 
carbonyl group of the carbonyl compound may lead to complications, for 
example i n f u r t h e r r e a c t i o n beyond oxetane formation as w i t h i r r a d i a t i o n 
109 181 
of fluorenone and t e t r a m e t h y l a l l e n e (eq.2.33). ' 
CHJ 








Oxetane products though detectable and cha r a c t e r i z a b l e by i n f r a r e d 
and n.m.r. spectroscopy may be too unstable f o r p u r i f i c a t i o n , an 
example being the oxetane from 4,4'-dimethoxybenzophenone and isobutylene 
109 173 
which fragments i n t o formaldehyde and d i a r y l e t h y l e n e (eq. 2.34). ' 
0 




(4-CH_0C,H.)_C=C(CH0)0 + HCHO 3 o 4 2 3 2 
114. 
(d) Experimental Conditions 
Standard photochemical procedures are employed i n the photo-
•, ... . • 109 c y c l o a d d i t i o n r e a c t i o n s . 
Solvents should be transparent to the wavelength of l i g h t used, i n e r t 
w i t h no e a s i l y abstractabl.e hydrogen atoms and have no quenching 
p r o p e r t i e s . Amongst solvents s u c c e s s f u l l y used are: benzene, p y r i d i n e , 
a c e t i c a c i d , a c e t o n i t r i l e , excess o l e f i n , excess carbonyl compound, 
109 
saturated hydrocarbons and ethers. 
2.8 Miscellaneous Photochemical Reactions of Carbonyl Compounds 
I n t h i s section some f u r t h e r photochemical reactions of carbonyl 
compounds are i n d i c a t e d , t h e i r relevance being t h a t they may po s s i b l y 
i n t e r f e r e w i t h oxetane formation. 
A l i p h a t i c aldehydes such as acetaldehyde, butyraldehyde and heptanal 
add to o l e f i n i c double bonds under the i n f l u e n c e of l i g h t , forming ketones 
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by a f r e e r a d i c a l mechanism (eq. 2.35). 
RCHO + R'CH=CH2 RCOC^CH^1 (2.35) 
This r e a c t i o n i s obviously i n cont r a s t to oxetane formation. Free 
212 
r a d i c a l a d d i t i o n s to o l e f i n s have been reviewed generally. 
U l t r a v i o l e t i r r a d i a t i o n of aqueous s o l u t i o n s of c y c l i c ketones may 
213 
r e s u l t i n h y d r o l y s i s to acids (eq. 2.36). 
H00C-(CH o) c-CH o (2.36) H_o' 2'5 3 
115. 
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Photoisomerization w i t h r i n g c o n t r a c t i o n has been reported, (eq.2.37). 
(2.37) 
215 
Expulsion of carbon monoxide may occur (eq.2.37). 
0 
^ hy + CO + C 2H 4 (2.38) 
Other examples of photochemical re a c t i o n s of carbonyl compounds may be 
, , „. . .„ ,. 105,114,141 found i n the l i t e r a t u r e . 
2.9 E f f e c t of Oxygen i n Photochemical Reactions 
The exclusion of oxygen from photochemical reactions i s f r e q u e n t l y 
of v i t a l importance. The quenching of e x c i t e d states by oxygen has been 
216 217 known f o r many years. Explanations f o r t h i s quenching by oxygen 
218 
include t r a n s f e r of e l e c t r o n i c energy t o oxygen r e s u l t i n g i n e x c i t a t i o n 
to a l o w - l y i n g s i n g l e t s t a t e . 
Since toxygen i s paramagnetic, s p i n - o r b i t i n t e r a c t i o n s i n an 
e x c i t e d molecule may be enhanced, a l l o w i n g r e l a x a t i o n of r e s t r i c t i o n s 
219 
r e l a t i n g to s i n g l e t - t r i p l e t t r a n s i t i o n s . Oxygen may be involved i n 
the formation of a charge-transfer complex w i t h a molecule i n i t s 
220 
e x c i t e d s t a t e . This could catalyze i n t e r n a l conversion processes. 
Oxygen may a c t u a l l y be incorporated i n photochemical o x i d a t i o n 
221 
r e a c t i o n s , there being two possible r e a c t i o n mechanisms. The f i r s t 
116. 
i s a photosensitized o x i d a t i o n mechanism i n v o l v i n g hydrogen a b s t r a c t i o n by 
exci t e d s e n s i t i z e r followed by i n d i s c r i m i n a t e a d d i t i o n of oxygen to the 
new r a d i c a l (2.39). 
S h v > «S. ( p h o t o b i r a d i c a l ) 
• S. + AH -» .SH + A. 
A. + 0 2 -» A00. 
(2.39) 
A00. + AH -• AOOH + A* 
A00. + «SH -» AOOH + S 
(S = sensitizer;AH = hydrogen donor) 
This mechanism accounts f o r the formation of hydroperoxides from the 
photosensitized i r r a d i a t i o n of secondary alcohols i n an atmosphere of 
oxygen, an example being the benzophenone-sensitized o x i d a t i o n o f 




This r e a c t i o n would i n t e r f e r e w i t h p h o t o p i n a c o l i z a t i o n . The 
hydroperoxide decomposes i n aqueous s o l u t i o n to give acetone and 
hydrogen peroxide (eq.2.40) 
HO 
(CH3)2C-OH » H 20 2 + (CH 3) 2CO (2.40) 
00H 
117. 
The second mechanism i s a photosensitized oxygen t r a n s f e r i n v o l v i n g 
d i r e c t combination of the s e n s i t i z e r w i t h oxygen, only b i r a d i c a l s t a k i n g 
p a r t i n the r e a c t i o n (2.41). 
S > »S • 
>s« + o 2 -• »soo< 
A + .S00» A0 2 + S 
(2.41) 
Foote has suggested t h a t s i n g l e t oxygen i s the sole agent i n the 
222 
t r a n s f e r step (2.42). 
•S. + 0 2 ( t r i p l e t ) -> S (ground s t a t e ) + 0^ ( s i n g l e t ) 
(2.42) 
A + 0 2 ( s i n g l e t ) -• A0 2 
An example of photooxidation by the second general mechanism i s 
223 
the o x i d a t i o n of furans (eq. 2.43). 
IX 
CH, CH, 
hv, s e n s i t i z e r . 





Oxygen may e f f e c t extremely complex r e a c t i o n s . For example, 
224 
products from the photooxidation of acetone include H2CO, H 20, CH^ OH, 
CH^ OOH, CH^ COOH, HCOOH, CH^OCH^ + higher molecular weight products. 
Possibly 140 reactions could be oc c u r r i n g ! 
118. 
Photooxidation of polymers has already been mentioned i n Chapter 1. 
2.10 Se l e c t i o n of S t a r t i n g M a t e r i a l s f o r Step-Growth Photopolymerization 
I n v o l v i n g the Paterno—Buchi Reaction 
I n p r i n c i p l e the Paterno-Buchi r e a c t i o n may be used i n e i t h e r of 
two ways i n attempts to prepare polymers con t a i n i n g oxetane r i n g s i n the 
main chain. I r r a d i a t i o n of monomers conta i n i n g both carbonyl and o l e f i n i c 
f u n c t i o n s (eq. 2.44), or i r r a d i a t i o n of equimolar mixtures of dicarbonyl 
compounds and dienes (eq. 2.45) may give the desired products. 
I 
-C-
C-I -C—X I 
(2.44) 
0 0 




I N x ^ l 
c— 
C 
I \ Y 
(2.45) 
—i n 
Bearing i n mind the c r i t e r i a f o r step-growth polymerization and the 
possible competing r e a c t i o n s , e s p e c i a l l y of a l i p h a t i c ketones and 
aldehydes, aromatic ketones were chosen f o r study as dicarbonyl compounds. 
The analogy between the Paterno-Buchi r e a c t i o n and p h o t o p i n a c o l i z a t i o n , 
together w i t h i n i t i a l preference f o r use of known monomers, obtainable 
i n a high s t a t e of p u r i t y , l e d to the s e l e c t i o n of benzophenone-type 
aromatic diketones which were known to form polypinacols by a step-growth 
mechanism (Chapter 1, s e c t i o n 1.10). 
119. 
The necessity f o r near q u a n t i t a t i v e y i e l d s i n coupling reactions j 
and the s i m i l a r i t y i n the environment of the carbonyl groups i n selected 
diketones to t h a t of the carbonyl group i n benzophenone, i n d i c a t e d t h a t 
an e s s e n t i a l requirement was f o r benzophenone to undergo photocyclo-
a d d i t i o n to both double bonds of any selected diene i n high y i e l d w i t h 
the formation of benzophenone-diene 2:1 adducts. 
Examination of the a v a i l a b l e l i t e r a t u r e ^ ^ ' r e v e a l e d few such 
r e a c t i o n s , but t e t r a m e t h y l a l l e n e and furans seemed to be dienes worthy of 
i n v e s t i g a t i o n . Their photoreactions w i t h benzophenone are discussed i n 
Chapter 4. 
CHAPTER 3 
SYNTHESIS OF AROMATIC DIKETONES 
INTRODUCTION 
120. 
3.1 P r i n c i p a l Routes to Aldehydes and Ketones 
Several general methods are a v a i l a b l e f o r the preparat i o n of 
225 
aldehydes and ketones. They may be d i v i d e d i n t o three p r i n c i p a l 
routes: 
1) Oxidation of an organic compound to one conta i n i n g a 
carbonyl group. 
2) M o d i f i c a t i o n of a compound already c o n t a i n i n g a carbonyl 
group, such as a car b o x y l i c acid or d e r i v a t i v e , i n t o an 
aldehyde or ketone. 
3) I n t r o d u c t i o n of carbonyl or p o t e n t i a l carbonyl groups 
i n t o an organic compound w i t h formation of new C-C bonds. 
Included i n the t h i r d p r i n c i p a l route i s the F r i e d e l - C r a f t s r e a c t i o n , 
r e a d i l y a p p l i c a b l e to the synthesis of aromatic diketones. 
3.2 The F r i e d e l - C r a f t s Reaction 
The f i r s t r e p o r t by F r i e d e l and Crafts of an a l k y l a t i o n r e a c t i o n 
using anhydrous aluminium c h l o r i d e as 'condensing agent' was made i n 
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1877. Subsequent i n v e s t i g a t i o n s by F r i e d e l and Crafts showed aluminium 
c h l o r i d e to be a h i g h l y v e r s a t i l e c a t a l y s t e f f e c t i n g a l k y l a t i o n s , 
d e a l k y l a t i o n s , a c y l a t i o n s , polymerizations and many other r e a c t i o n s . The 
o r i g i n a l scope of the r e a c t i o n has been extended to cover many v a r i a t i o n s 
of reagent, acid c a t a l y s t system and r e l a t e d r e a c t i o n s such as those 
i n v o l v i n g the formation of bonds from carbon to various other atoms 
i n c l u d i n g 0, N, S, P, B and halogens. The r e a c t i o n i s of great value i n 
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organic syntheses and has been the subject of extensive documentation. 
I t s use may be conveniently d i v i d e d i n t o three categories: 
121. 
i ) A l k y l a t i o n s and r e l a t e d r e a c t i o n s . 
i i ) A c ylations and r e l a t e d reactions 
i i i ) Miscellaneous reactions . 
The a c y l a t i o n r e a c t i o n provides a major route to ketones and i s discussed 
i n the f o l l o w i n g section w i t h p a r t i c u l a r reference to aromatic ketone 
synthesis. 
3.3 Aromatic Ketone Synthesis by F r i e d e l - C r a f t s Reactions 
F r i e d e l - C r a f t s ketone synthesis e s s e n t i a l l y involves r e a c t i o n between 
an acyl component and an aromatic substrate i n the presence of a c a t a l y s t . 
A common example i s r e a c t i o n between an acyl h a l i d e , a benzene d e r i v a t i v e 
and aluminium c h l o r i d e (eq.3.1). 
A1C1 
RC0C1 + ArH ^ ArCOR,AlCl 3 + HC1 (3.1) 
(a) Mechanism 
The mechanism of the a c y l a t i o n has been the subject of d e t a i l e d 
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i n v e s t i g a t i o n and thorough review. 
The r e a c t i o n may be represented simply and generally by the scheme 
(3.2) f o r metal h a l i d e c a t a l y s t MX n» acyl component RCOY and benzene 
substrate. 




RC=0:MX + [O i n 1 
RC H 
[MX Y]' n ( 3 . 2 ( i i ) ) 
I-
RC=0 
OJ + HY + MXn 
RC=0:MX RC=0 n 
(a) + «x n ^ (g) ( 3 . 2 ( i i i ) ) 
Step ( 3 . 2 ( i ) ) involves complexation between acyl component and 
c a t a l y s t . Structures proposed f o r a d d i t i o n compounds of A l C l ^ w i t h acid 
c h l o r i d e include (32)-(36) 228 
R-C 
.0:A1C1, 
// 3 R-C \ CI:A1C1, 
RC0+A1C1 4 ' 
(32) (33) (34) 
/ \ 
RC=0: U) 






I t has been shown th a t (32) and (34) are the major species serving 
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as e l e c t r o p h i l e s . ' For aluminium h a l i d e catalyzed benzoylations the 
favoured mechanistic postulates are: 
a) Reaction of aromatic w i t h oxonium compound (3.3). 
_ 0:A1C13 0:A1C1, 
RC + ArH - * RC-ArH -» RC-Ar + HC1 (3.3) 
I 
b) Reaction of aromatic and acylium i o n (3.4) . 
„0:A1C1 0 # 3 + 
RC' v RCsO + A1C1 4 (3.4) 
^ c i ^ 
0 _ 0.-A1CU 
|| + A l C l 4 v || 3 
RC=0 + ArH ^=== RCArH ^ RCAr + HC1 
A t h i r d mechanism involves p a r t i c i p a t i o n of complex (33). 
Oxonium compounds (32) are probably the p r i n c i p a l forms present i n 
non polar solvents and benzoyl c h l o r i d e , and Gore has stated t h a t f o r 
230 
most a c y l a t i o n reactions mechanism (3.3) i s gene r a l l y the most l i k e l y . 
I n c ontrast Jensen states t h a t the second acylium i o n mechanism (3.4) 
1 . i r 228 
has received the most favour. 
230 
(b) Catalysts 
The most popular choice of c a t a l y s t has long been aluminium 
c h l o r i d e , i t being cheap and possessing high c a t a l y t i c a c t i v i t y . For 
r o u t i n e work commercially a v a i l a b l e aluminium c h l o r i d e i s s u f f i c i e n t l y 
pure. Traces of water have been used both to moderate and accelerate 
reactions, the a c t i v a t i n g i n f l u e n c e of water being explained by formation 
of hydrates of the type [AIX^OH] H + f u n c t i o n i n g l i k e other strong proton 
124. 
231 acids. Other metal halides used w i t h acyl halides include AlBr^, 
FeC'l , FeBr^, SbCl,., SbBr^, T i C l ^ , NbCl 5 > GaCl 3 > and ZrCl^. Rates of 
232 
benzoylation have been found to f o l l o w the sequence ; 
SbCl c > FeCl„ > GaCl„ > A1C1„ > SnCl. > BC1. > SbCl 0 . 5 3 3 3 4 3 3 
Metal powders (e.g. Zn, Cu, A l , Fe), mineral and other acids, s a l t s , 
acid anhydrides, BF^ complexes and io d i n e are amongst many other c a t a l y s t s 
employed. 
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(c) Acyl Components 
Any substance c o n v e r t i b l e to a p o t e n t i a l acyl c a t i o n or other 
r e a c t i v e e n t i t y under the in f l u e n c e of a c a t a l y s t or by heat alone may 
be s u i t a b l e as the acyl component. 
Commonly used reagents include acid h a l i d e s , anhydrides, esters and 
carb o x y l i c acids. Acyl chlorides are most commonly used w i t h aromatic 
substrates; the other three classes of reagent are f i r s t converted i n t o 
acyl h a l i d e by the c a t a l y s t and then i n t o the r e a c t i v e complex. Complex 
formation i s represented s t o i c h i o m e t r i c a l l y f o r A l C l ^ c a t a l y s t by the 
equations ( 3 . 5 ) - ( 3 . 8 ) . 
RC0C1 + A1C1 3 -* RC0C1.A1C13 (3.5) 
RCOOH + 2A1C1 3 -• RC0C1.A1C13 + A10C1 + HC1 (3.6) 
RCOOR' + 2A1C13 -» RC0C1.A1C13 + A10C1 + R'Cl (3.7) 
(RC0) 20 + 3A1C13 -» 2RC0C1.A1C13 + A10C1 (3.8) 
R e a c t i v i t y of a c e t y l halides used w i t h A1C1 3 c a t a l y s t and benzene 
233 
substrate decreases w i t h increasing e l e c t r o n e g a t i v i t y of the halogen. 
125. 
I n other cases the r e a c t i v i t y order may be changed and u s e f u l 
g e n e r a l i z a t i o n s are not possible. 
The use of a l i p h a t i c acid anhydrides i s reported to o f f e r several 
advantages over ac i d chlorides i n c l u d i n g more ready a v a i l a b i l i t y i n a 
pure s t a t e , greater ease of handling, smaller y i e l d s of by-products and 
234 
t a r s and easier ketone p u r i f i c a t i o n . Inherent advantages i n use of 
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a c e t i c anhydride over a c e t y l c h l o r i d e have, however, been questioned. 
The use of esters r e s u l t s i n both a l k y l a t i o n and a c y l a t i o n , an example 
being r e a c t i o n between benzene and e t h y l acetate ( A l C l ^ c a t a l y s t ) when 
both ethylbenzene and acetophenone occur amongst the known products. 
Benzoyl halides and s u b s t i t u t e d d e r i v a t i v e s react r e a d i l y w i t h 
aromatic substrates. Amongst other a c y l a t i n g agents are ketones, s i l a n e s , 
boranes and germanes. 
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(d) Substrates 
A vast number of substrates have been used i n c l u d i n g benzene 
and other benzenoid compounds, p o l y c y c l i c compounds and h e t e r o c y c l i c 
compounds. 
A comprehensive compilation of a c y l a t i o n s used f o r aromatic ketone 
. . . u 1 230 synthesis i s a v a i l a b l e . 
(e) Experimental Conditions 
The s t o i c h i o m e t r i c equations f o r formation of the r e a c t i v e 
complexes w i t h A l C l ^ have already been given (eqs. 3.5-3.8). I n p r a c t i c e 
the optimum number of moles of A l C l ^ to acyl component has been found 
to be 1.1, > 2, 2.2, > 3 f o r acid c h l o r i d e s , c a r b o x y l i c acids, esters and 
anhydrides r e s p e c t i v e l y . A d e f i c i e n c y of c a t a l y s t tends to lower the 
126 
o v e r a l l y i e l d because of incomplete u t i l i z a t i o n of acyl component and 
may cause self-condensation of only p a r t i a l l y complexed ketone, an 
example being dypnone formation during benzene a c e t y l a t i o n v i a s e l f -
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condensation of acetophenone (eq. 3.9). 
Excess c a t a l y s t generally gives appreciable amounts of t a r , o f t e n 
making ketone p u r i f i c a t i o n extremely d i f f i c u l t . 
Several v a r i a t i o n s are possible i n the sequence of a d d i t i o n of 
reactants. The c a t a l y s t and acyl component may be mixed p r i o r to 
a d d i t i o n of or to the substrate. A l t e r n a t i v e l y the acyl component or 
the c a t a l y s t may be added as the l a s t r e a c t a n t , t h i s method r e s u l t i n g i n 
a continuous v a r i a t i o n i n acyl component/catalyst r a t i o and having a 
marked e f f e c t on the r e p r o d u c i b i l i t y of r e s u l t s . 
The r e a c t i o n may be performed w i t h neat reactants or i n the presence 
of a s u i t a b l e solvent, f r e q u e n t l y nitrobenzene or carbon d i s u l p h i d e . 
I n a polar solvent such as nitrobenzene r e a c t i o n i s e s s e n t i a l l y 
homogeneous, A l C l ^ , the acyl h a l i d e - A l C l ^ complex and o f t e n the ketone-
A1C1.J complex being sol u b l e . I n non polar solvents, n e i t h e r A l C l ^ nor 
i t s acyl h a l i d e complex i s appreciably soluble and r e a c t i o n i s l a r g e l y 
heterogeneous. Solvents of intermediate p o l a r i t y , such as d i c h l o r o -
methane, may be used. 
Reaction i n a homogeneous medium w i l l provide greater c a t a l y t i c 
surface area and solvent may prevent i r r e v e r s i b l e side r e a c t i o n s . 
P o l y c y c l i c aromatic hydrocarbons, f o r example, tend to undergo 
rearrangement, self-condensation or polymerization w i t h A1C1~ i n the 
CH 0 
Ph-C=0 + CH„-C-Ph 
AlCl 
•> Ph-C=CH-C-Ph 
0 I ^  I I (3.9) 
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absence of a solvent. 236 Solvent may have a profound e f f e c t on the y i e l d 
of ketone, and on p o s i t i o n of s u b s t i t u t i o n e s p e c i a l l y w i t h p o l y c y c l i c 
aromatic hydrocarbons as substrates. Naphthalene gives mixtures of 
ot- and P-ketones i n most F r i e d e l - C r a f t s a c y l a t i o n s although 'normal' 
e l e c t r o p h i l i c s u b s t i t u t i o n gives almost e x c l u s i v e l y the ar-isomer. 
Explanations of t h i s e f f e c t have included s t e r i c f a c t o r s i n v o l v i n g 
formation of a bulky complex from acyl c h l o r i d e , A l C l ^ and nitrobenzene 
solvent, and r e v e r s i b i l i t y of a c y l a t i o n w i t h rearrangement of any a-
isomer to the more stable p-isomer. 
,, . . 230 ( f ) L i m i t a t i o n s 
p u r i f i c a t i o n of the r e q u i r e d product. The use of A l C l ^ i f o r example, 
gives r i s e to such side reactions as i n t r a - or inter-molecular m i g r a t i o n 
of a l k y l groups, removal of a l k y l groups preceding or accompanying 
a c y l a t i o n , replacement of halogen atoms and s p l i t t i n g of ortho-alkoxy 
groups. Thus cumene reacts w i t h a c e t y l c h l o r i d e and A l C l ^ to give the 
products shown i n (3.10). 
Side reactions may l i m i t the y i e l d of the r e a c t i o n and ease of 
CH(CH^) CH(CHj CH(CH„) Ac 6 AcCl o o o o (3.10) A1C1 
CH(CH„) Ac Ac 3'2 
23% 30% 40% 
The usual l i m i t a t i o n s of e l e c t r o p h i l i c aromatic s u b s t i t u t i o n as a 
s y n t h e t i c route apply equally i n t h i s case. The d e a c t i v a t i n g e f f e c t of an 
acyl group introduced i n t o a benzene nucleus generally l i m i t s the r e a c t i o n 
128. 
to monosubstitution. A second acyl group may, however, be introduced 
i f t h i s d e a c t i v a t i o n i s o f f s e t by s u b s t i t u t i o n of po w e r f u l l y e l e c t r o n 
r e l e a s i n g OH or OR groups (e.g. 3. 11), or i f the d e a c t i v a t i n g e f f e c t 
OCH OCH 
Ac Ac AcCl O O A1C1 (3.11) 
Ac 
of an acyl group attached to the nucleus i s reduced by the presence of 
two o r t h o - a l k y l groups which prevent the acyl group a t t a i n i n g the 
conformation necessary f o r e f f e c t i v e conjugation (e.g. 3.12). 
Ac Ac 
CH CH CH CH 3 AcCl O o A1C1 
Ac 
(3.12) 
(g) Synthesis of Aromatic Diketones 
Two F r i e d e l - C r a f t s routes may be envisaged to aromatic diketones 
of the type (37). 
0 0 
I I I I 
Ar—C — A r ' — C—Ar 
(37) 
Using acyl chlorides and aluminium c h l o r i d e they may be represented 
by equations (3.13) and (3.14). 
II II A 1 C 1 3 , I' U , 2ArH + Cl-C-Ar'-C-C1 ArC-Ar'-C-Ar + 2HC1 (3.13) 
129. 
0 0 
A1C1 || || 
2ArC-Cl + H-Ar'-H ^> Ar-C-Ar'-C-Ar + 2HC1 (3.14) 
The f i r s t route s t o i c h i o m e t r i c a l l y requires one mole of b i s ( a c y l c h l o r i d e ) 
to two moles of aromatic substrate. The second route requires two moles 
of acyl c h l o r i d e to one mole of aromatic substrate. 
i ) Reaction between a b i s ( a c y l c h l o r i d e ) and aromatic substrate 
This route i s e s p e c i a l l y a p p l i c a b l e to r e a d i l y obtainable aromatic 
237 
d i c a r b o x y l i c a c i d chlorides and i s i l l u s t r a t e d by the synthesis of m-
238 
and p- dibenzoylbenzenes. These diketones have been prepared using 
excess benzene as substrate, i s o p h t h a l o y l and t e r e p h t h a l o y l d i c h l o r i d e s 
as acyl components and A l C l ^ c a t a l y s t (eq.3.15). 
0 0 
Cl-C-/f V> 0 +2(( » h /CK-^^ i + 2HC1 C-Cl 
(3.15) 
Their preparation has r e c e n t l y been described i n connection w i t h 
90 
p h o t o p i n a c o l i z a t i o n studies - see Table 3.1. 
TABLE 3.1 
Preparation of m- and p-Dibenzoylbenzenes 
Diketone 
Y i e l d of 
Diketone ( 7 „ ) 
Solvent used 
i n Preparation 
M.p. of 
Diketone (°C) Reference 
m-dibenzoylbenzene 45 Excess benzene 109-110 90 
p-dibenzoylbenzene 25 ii 161-162 90 
130. 
i i ) Reaction between mono acyl c h l o r i d e and aromatic substrate 
Aromatic diketones of the type (38) have been prepared by 
r e a c t i o n between benzoyl c h l o r i d e and substrate of type (39). Data f o r 
such syntheses i s given i n Table 3.2 together w i t h appropriate references. 
(38) (39) 
a,id-Diphenylalkane (X = ( C l ^ ) ^ substrates c l o s e l y resemble 
alkylbenzenes i n r e a c t i v i t y , the p a r a f f i n bridge e f f e c t i v e l y i s o l a t i n g one 
r i n g from the other and a l l o w i n g d i s u b s t i t u t i o n to occur i n which each 
aromatic r i n g i s monosubstituted. For diphenylalkanes where n = 1 or 2, 
diketones have been obtained by d i r e c t a d d i t i o n of the neat diphenyl-
alkane to a mixture of benzoyl c h l o r i d e and A l C l y For diphenylalkanes 
where n = 2,4,6, and 10, various solvents have been employed, solvent 
choice sometimes considerably a f f e c t i n g y i e l d . For example, w i t h 1,6-
diphenylhexane substrate and carbon d i s u l p h i d e solvent, no diketone was 
i s o l a t e d , whereas w i t h nitrobenzene as sol v e n t , the y i e l d of diketone 
241 
was 43/o. 
Diphenyl (X = (CH2^o^ c a n b e b e n z ° y l a t e d a t o n e o r b o t h o f i t s para 
239 
positions> 4,4'-dibenzoyldiphenyl being prepared by r e a c t i o n between 
excess benzoyl c h l o r i d e and diphenyl w i t h A l C l ^ c a t a l y s t . 
242 
Diphenyl ether (-X- = -0-) may s i m i l a r l y be monobenzoylated or 
243 
dibenzoylated i n the para p o s i t i o n s w i t h carbon d i s u l p h i d e as solvent. 
Preparation of several of these diketones has again been r e c e n t l y 
90 91 
described i n connection w i t h p h o t o p i n a c o l i z a t i o n s t u d i e s . ' 
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TABLE 3.2 
Aromatic Diketone Syntheses by Benzoylation o f substrates 
X Y i e l d of diketone ( 7 . ) 
Solvent used 
i n preparation 
M.p. of 
Diketone (°C) Reference 
-0- 90 c s 2 163-4 243 
50 c s 2 163-4 90 
( C H 2 ) 0 50 None 218 239 
41 None 219-220 91 
( C H 2 ) 1 50 None 147.5-148.5 240 
12 None 145-147 91 
( C H 2 ) 2 64 c s 2 177 241 
45 None 241 
50 None 174.5-176 240 
52 None 175-6 91 
( C H 2 ) 4 75 c s 2 152 241 




43 nitrobenzene 104 241 
( C H 2 ) 10 20 nitrobenzene 75 241 
132. 
3.4 The W u r t z - F i t t i g Reaction 
Coupling of two molecules of a l k y l or a r y l h a l i d e s , w i t h e l i m i n a t i o n of 
halogen, occurs on r e a c t i o n w i t h sodium (eq.3.16). 
RX + R'X 4- Na -» RR' + RR + R 'R1 + NaX (3.16) 
This r e a c t i o n i s named a f t e r the French chemist Wurtz. The o r i g i n a l 
r e a c t i o n between a l k y l halides was modified by F i t t i g who found t h a t 
unsymmetrical coupling between an a l k y l h a l i d e and an a r y l h a l i d e (Wurtz-
F i t t i g r e a c t i o n ) was a more p r a c t i c a b l e process y i e l d i n g more e a s i l y 
244 
separated products. For examplejinethyl bromide condensed w i t h bromo-
benzene i n the presence of sodium y i e l d s toluene (b.p. I l l C) which i s 
r e a d i l y separable from by-products ethane and diphenyl. 
The r e a c t i o n i s f r e q u e n t l y c a r r i e d out i n ether solvent. 
(a) Mechanism 
245 
Two p l a u s i b l e mechanisms have been suggested f o r the Wurtz 
r e a c t i o n . The one mechanism involves the formation of f r e e r a d i c a l s which 
may couple to give product, r e a c t i o n between bromobenzene and e t h y l 
bromide being represented by equations (3.17). 
C,HcBr + Na- -> C,H • + NaBr 
D j O J 
2C,H • -» C,HC-C,H, 6 5 6 5 6 5 
C 2H 5Br + Na. -» C ^ . + NaBr (3.17) 
2C2H5- -» C 2H 5-C 2H 5 
W + C 2 H 5 * * C 6 H 5 " C 2 H 5 
133. 
The a l t e r n a t i v e mechanism involves the formation of organo-sodium 
compounds (eqs. 3.18). 
C,HcBr + 2Na -» C,Hc~Na+ + NaBr (3.18(D) 
0 3 D J 
C,H ~Na + + C 0H cBr -» C,HC-C„H, + NaBr ( 3 . 1 8 ( i i ) ) 
0 3 Z 3 0 3 Z 3 
C 2H 5Br + 2Na -» C 2H 5~Na + + NaBr ( 3 . 1 8 ( i i i ) ) 
C 2H 5"Na + + C 2H 5Br -• C^i-C^i + NaBr ( 3 . 1 8 ( i v ) ) 
C„H ~Na + + C,HcBr -» C,H_-C_H, + NaBr (3.18(v)) 
Since r e a c t i o n ( 3 . 1 8 ( i ) ) i s f a s t compared t o r e a c t i o n ( 3 . 1 8 ( i i i ) ) , a 
b e t t e r y i e l d of product w i l l be expected from a W u r t z - F i t t i g r e a c t i o n 
compared to a Wurtz r e a c t i o n , r e a c t i o n ( 3 . 1 8 ( i i ) ) being the main 
r e a c t i o n . 
Experimental evidence has been c i t e d i n favour of both mechanisms. 
By-products have been explained on the basis of d i s p r o p o r t i o n a t i o n 
between two f r e e r a d i c a l s , an example being formation of benzene and 
ethylene by-products from r e a c t i o n o f sodium phenyl and e t h y l bromide 
246 (eq.3.19) 
C,H • + C„H • -• C.H. + C,H, (3.19) o 5 /.) z4- o o 
The formation of triphenylene and o-diphenylbenzene as by-products 
i n the synthesis of diphenyl from chlorobenzene and sodium has been 
247 
r e c o n c i l e d w i t h formation and r e a c t i o n of fr e e phenyl r a d i c a l s (3.20). 
134. 
2C,H • -» C,H, + 0 J 0 0 
2 C 6 H 5 " + IOJ. * [O 
C 6 H 5 
C 6 H 5 
(3.20) 
3[OJ: -
Sodium a l k y l s and sodium a r y l s have also been po s t u l a t e d as 
248 
intermediates and ' d i s p r o p o r t i o n a t i o n 1 may be explained by simultaneous 
e l i m i n a t i o n and s u b s t i t u t i o n i n reactions of organo-sodium compounds w i t h 
a l k y l h a l i d e , 2 ^ ' f o r example (3.21). 
nC.HnNa + nC.H.Cl 4 9 4 9 
C2H5CH=CH2 + n-C 4H 1 Q + NaCl 
n ~ C 8 H 1 8 + N a C 1 
(3.21) 
Several o p t i c a l l y a c t i v e halides give o p t i c a l l y a c t i v e products w i t h 
predominant i n v e r s i o n of c o n f i g u r a t i o n consistent w i t h an S^2 type 
251 
r e a c t i o n i n v o l v i n g intermediate sodium a l k y l . 
(b) Synthesis of a,cu-Diphenylalkanes 
a, uvDiphenylalkanes may be prepared i n good y i e l d by a Wurtz-
252 
F i t t i g r e a c t i o n between bromobenzene, sodium and a, U)-dibromoalkane. 
Reaction proceeds according to the equation (3.22). 
135. 
2PhBr + Br(CH„) Br + 4Na -» 4NaBr + Ph(CH„) Ph (3.22) 2 n 2 n 
252 
Van Alphen reports y i e l d s of 40-75% where n = 3,5,6 and 10. 
A y i e l d of 5 4 7 o i s r e p o r t e d ^ * ^  f o r n = 4. 
Cycloparaffins are thought to be side-products, and 1,20-diphenyl-
eicosane i s probably also formed w i t h 1,10-dibromodecane s t a r t i n g 
252 
m a t e r i a l . However no 1,6-diphenylhexane could be detected from 1,3-
dibromopropane. 1,2-Dibromoethane gave only ethylene and diphenyl, 
explained by the 1,2-dibromoethane r e a c t i n g more q u i c k l y w i t h sodium, 




3. 5 Synthesis of a, ai-Diphenylalkanes 
The a.uj-diphenylalkanes, Ph(CH 2) Ph, (n = 3,4,5,6 and 10) were 
prepared by a W u r t z - F i t t i g sodium coupling r e a c t i o n between the 
corresponding o/jco-dibromoalkane and bromobenzene, f o l l o w i n g the procedure 
252 
of Van Alphen. A l l preparations were s t r a i g h t f o r w a r d , g i v i n g the a,oa-
diphenylalkanes i n y i e l d s of between ca. 307„ and 707«. 
F r a c t i o n a l d i s t i l l a t i o n of the r e a c t i o n products under reduced 
pressure gave several f r a c t i o n s w i t h b o i l i n g p o i n t s i n the v i c i n i t y of 
252 
l i t e r a t u r e values. Fractions of i d e n t i c a l i n f r a r e d spectra and w i t h 
b o i l i n g p oints v a r y i n g by a maximum of 10° from the published b o i l i n g 
point were combined and used i n the subsequent benzoylation r e a c t i o n s ; 
y i e l d s from these apparently s l i g h t l y impure a,cu-diphenylalkanes gave 
y i e l d s of diketone comparable w i t h the y i e l d s obtained from the 
commercially a v a i l a b l e c*,(D-diphenylalkanes such as 1,2-diphenylethane. 
I n f r a r e d spectra of the or,(o—- diphenylalkanes e x h i b i t e d bands t y p i c a l 
of aromatic and a l i p h a t i c systems. Combination and overtone bands from 
the phenyl groups were p a r t i c u l a r l y prominent i n the 2000-1700 cm ^ region 
Mass spectra of t y p i c a l a, urdiphenylalkanes (n = 3,6) showed parent 
peaks at m/e 196 and 238 r e s p e c t i v e l y . P a r t i c u l a r l y prominent peaks were 
observed at m/e 91 (C^H^ +, tr o p y l i u m ion) and m/e 77 (C^H^ +). 
A t y p i c a l n.m.r. spectrum (n = 10) bore a close resemblance to 
spectra of higher 4,4 1-dibenzoyldiphenylalkanes ( s e c t i o n 3.6, Table 3.4), 
showing the f o l l o w i n g features: 67.2-7.0 (10 p r o t o n s ) , 62.7-2.35 (4 
protons), 61.7-1.1 w i t h strong absorption at 61.25 (16 p r o t o n s ) . 
137. 
3.6 F r i e d e l - C r a f t s Synthesis of Aromatic Diketones 
Aromatic diketones of the type PhCO-Ar'-COPh (37), as enumerated 
below, were prepared by F r i e d e l - C r a f t s synthesis. 
Ar' Reference No. 
(40) 
5V 
X = 0 (42) 
X = ( C H 2 ) 0 (43) 
X = ( C H 2 ) 1 (44) 
X = ( C H 2 ) 2 (45) 
X = ( C H 2 ) 3 (46) 
X = ( C H 2 ) 4 (47) 
X = ( C H 2 ) 5 (48) 
X = ( C H 2 ) 6 (49) 
X = (50) 
The preparations of m-dibenzoylbenzene (40) and p-dibenzoylbenzene 
90 
(41) followed published routes, i n v o l v i n g r e a c t i o n between the 
appropriate p h t h a l o y l d i c h l o r i d e and benzene ( A l C l ^ c a t a l y s t ) . 
R e c r y s t a l l i z a t i o n o f crude products y i e l d e d the diketones as white c r y s t a l s 
without d i f f i c u l t y . P u r i f i c a t i o n of (42)-(50) from benzoylations of or,iu-
diphenyl compounds o f t e n proved more d i f f i c u l t although published 
_ 90,91,241 _ , f . ... , , routes to several of the diketones were followed. 
138. 
(a) Problems i n the F r i e d e l - C r a f t s Synthesis of (42)-(50) 
Reaction periods f o r actual benzoylations v a r i e d from 1 to 6 
hr., t y p i c a l r e a c t i o n periods being shown i n Table 3.6 ( s e c t i o n 3.8). 
235 
Calloway and Green have pointed out the d i f f i c u l t i e s i n determination 
of the p o i n t at which HC1 e v o l u t i o n ceases and assessment of the 
completion of r e a c t i o n , and the p o s s i b i l i t i e s of extended r e a c t i o n time 
decreasing the y i e l d of ketone. Although r e a c t i o n periods were v a r i e d 
as were proportions of benzoyl c h l o r i d e and aluminium c h l o r i d e , no 
p a r t i c u l a r c o r r e l a t i o n was found between these f a c t o r s , t a r formation and 
y i e l d of diketone. A d e t a i l e d study of one p a r t i c u l a r diketone 
preparation might be more i n f o r m a t i v e w i t h respect to o p t i m i z a t i o n of 
y i e l d s . Diketones (43), (44), (45), (49) and (50) were s u c c e s s f u l l y 
prepared by d i r e c t r e a c t i o n between a,urdiphenylalkane, benzoyl c h l o r i d e 
and A1C1.J. Diketones ( 4 2 ) , ( 4 6 ) , (47) and (48) were prepared by 
benzoylation i n the presence of carbon d i s u l p h i d e solvent. 
No pure (46) and (48) could be obtained when benzoylations without 
solvent were attempted. The vast amount of t a r produced could not be 
separated from the desired products. The use of carbon d i s u l p h i d e solvent 
gave a cleaner r e a c t i o n although the r e s u l t i n g crude products could s t i l l 
not be p u r i f i e d d i r e c t l y by r e c r y s t a l l i z a t i o n . 
Even a f t e r removal of any t a r , crude diketones were gen e r a l l y 
deeply yellow i n colour. Repeated r e c r y s t a l l i z a t i o n and/or r e f l u x i n g 
w i t h d e c o l o u r i s i n g charcoal u s u a l l y proved successful i n producing white, 
pure product, but o f t e n ten or more such r e c r y s t a l l i z a t i o n s were 
necessary to o b t a i n white m a t e r i a l . 
139. 
Column chromatography proved p a r t i a l l y successful as a p u r i f i c a t i o n 
technique. Thus column chromatography of crude yellow (44) on s i l i c a 
gel (chloroform eluent) y i e l d e d a much less h i g h l y coloured sample of 
the diketone r e q u i r i n g fewer r e c r y s t a l l i z a t i o n s to give white product of 
constant m e l t i n g p o i n t . However, the r e l a t i v e e f f i c i e n c y of column 
chromatography as a p u r i f i c a t i o n technique, taken together w i t h i t s time-
consuming nature, u s u a l l y d i d not warrant i t s use i n place of repeated 
r e c r y s t a l l i z a t i o n . Chromatography on other media such as alumina or 
f l o r i s i l and the use of eluents other than chloroform proved no more 
successful. F i l t r a t i o n of s o l u t i o n s of crude diketone through columns 
of d e c o l o u r i s i n g charcoal and attempted sublimation of crude diketone 
were also u n s a t i s f a c t o r y . 
Attempts to r e c r y s t a l l i s e crude (46) and (48) proved unsuccessful 
y i e l d i n g o i l s apparently no purer than the i n i t i a l crude m a t e r i a l s . The 
crude diketones were t h e r e f o r e 'vacuum' d i s t i l l e d , to y i e l d a p a r t i a l l y 
p u r i f i e d viscous yellow m a t e r i a l , as a necessary step p r i o r to 
r e c r y s t a l l i z a t i o n . For (48) p r e l i m i n a r y column chromatography on s i l i c a 
gel also proved a necessary precursor to r e c r y s t a l l i z a t i o n which was 
ev e n t u a l l y achieved only from alcohol s o l u t i o n s cooled to ca. -30°C. 
The concentration of diketone i n the r e c r y s t a l l i z a t i o n of (46) and (48) 
also proved to be a c r u c i a l f a c t o r , too concentrated a s o l u t i o n y i e l d i n g 
an o i l and s l i g h t l y too d i l u t e a s o l u t i o n f a i l i n g to y i e l d any s o l i d 
o 
product even on c o o l i n g to ca. -30 C. These problems i n r e c r y s t a l l i z a t i o n 
are consistent w i t h the r e l a t i v e l y low m e l t i n g p o i n t s of the two diketones. 
The syntheses of (46) and (48) by F r i e d e l - C r a f t s benzoylation have not 
apparently been p r e v i o u s l y achieved despite i n v e s t i g a t i o n s of the 
230 
a p p l i c a b i l i t y of this r e a c t i o n . 
140. 
The r e q u i r e d high standard of p u r i t y f o r each diketone was a t t a i n e d 
at the expense of higher y i e l d s . 
(b) C h a r a c t e r i z a t i o n of the Aromatic Diketones 
S a t i s f a c t o r y elemental analyses were obtained f o r the diketones. 
Diketones were not analysed u n t i l at l e a s t three successive r e c r y s t a l l i z a t i o n s 
gave m a t e r i a l of constant m e l t i n g p o i n t . 
i ) I n f r a r e d Spectra 
The i n f r a r e d spectra of diketones (40)-(50) are recorded i n 
Appendix C. 
The aromatic diketones showed a strong C=0 s t r e t c h around 1660-
1650 cm c h a r a c t e r i s t i c of conjugation w i t h two benzenoid u n i t s . 
Aromatic C-H s t r e t c h was observed i n the 3100-3000 cm ^ region and 
a l i p h a t i c C-H s t r e t c h ( f o r 4,4'-dibenzoyldiphenylalkanes) between ca. 
2940 and 2860 cm ^. Other t y p i c a l aromatic and methylene chain absorptions 
were observed i n the re l e v a n t regions. A p a r t i c u l a r l y strong resemblance 
between the spectra of the 4,4'-dibenzoyldiphenylalkanes (44)-(50) could 
be noticed. 
i i ) Mass Spectra 
Mass spectra of the diketones are tabulated i n d e t a i l i n 
Appendix B. 
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As i s generally the case f o r aromatic ketones, molecular ions 
were c l e a r l y observed, the parent peak being the base peak f o r (43), (47) 
and (48) and prominent w i t h most o f the other diketones. The base peak 
f o r ( 4 0 ) , (41), (44) and (49) was at m/e 105 (C^CO +). Other base peaks 
included m/e 91 (C^H^ + i o n ) f o r (50) and m/e 77 (C,H +) f o r (46). 
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Breakdown patterns were c h a r a c t e r i s t i c of a r y l ketones w i t h loss of 
C^H^+ etc. from the parent, and metastable peaks commonly being observed 
w i t h loss of CO, f o r example at m/e 56.5 corresponding to the 
fragmentation (3.23). 
-00 C-.tLCO + > C.H-+ (3.23) o 5 6 J 
Peaks corresponding to fragmentation of the methylene chain were 
o f t e n abundant i n the 4,4'-dibenzoyldiphenylalkane spectra. Thus, f o r 
example, the base peak i n the spectrum of (45) was at m/e 195 corresponding 
to cleavage of the c e n t r a l C-C bond of the methylene chain, t h i s 
fragmentation route being analogous to t h a t observed f o r 1,2-diphenyl-
253b 
ethane. Other methylene chain fragmentation modes were l i k e w i s e 
analogous to those of the appropriate o,iu-diphenylalkanes. 
i i i ) U l t r a v i o l e t Spectra 
D e t a i l s of absorption wavelength maxima (X ) and r max 
ft ft 
corresponding e x t i n c t i o n c o e f f i c i e n t s (e) f o r the n -» TT and TT -• TT 
absorptions ( i n 957o ethanol) of the diketones. are given i n Table 3.3. 
The spectra of the 4,4'-dibenzoyldiphenylalkanes resembled one 
another c l o s e l y . I n t r o d u c t i o n of a methylene group between two 
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chromophores i s generally considered capabLe-of destroying conjugation 2 5 5 
and the spectra compared favourably w i t h spectra of benzophenone ( A m a x 
333 ran, (e 160); X 253 nm (e 18,000)]and p a r t i c u l a r l y a l k y l nicix 
s u b s t i t u t e d benzophenones such as 4-methylbenzophenone C ^ m a x 330 nm, (e 
230); X 260 nm (e 17,500)] and 4-ethylbenzophenone [X 330nm, (e 
Til clX ITlcLX 
250); X 259 nm (e 17,400)1 determined i n 95% ethanol. The two max 
benzophenone type u n i t s i n the 4,4 1-dibenzoyldiphenylalkanes show an 
a d d i t i v e e f f e c t . 
TABLE 3.3 
U l t r a v i o l e t Spectra of Aromatic Diketones (40)-(50) 
Diketone 
n -* T T * t r a n s i t i o n TT " » T T * t r a n s i t i o n 
\ 
max e x 1 0
- 2 \ 
max e x 10"
4 
(40) 333 2.5 252 2.8 
(41) 335 4.2 264 2.9 
(42) 
Strong absorption observed 
289 nm (e = 26,000) 
at \ 
max 
(43) Submerged under 
* 
TT - » TT t r a n s i t i o n 
300 3.6 
(44) 330 4.4 264 3.2 
(45) 330 4.4 262 '3.5 
(46) 330 4.5 262 3.5 
(47) 330 4.4 263 3.5 
(48) 330 4.4 261 3.5 
(49) 330 4.4 261 3.3 
(50) 330 4.3 261 3.2 
a. A l l spectra recorded i n 957o ethanol. 
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* 
The bathochromic s h i f t of the TT -* TT t r a n s i t i o n w i t h i n c r e a s i n g 
conjugation i n going from benzophenone to (40), (41) and (43) has already 
91 * 
been reported, the n -• TT t r a n s i t i o n o f (43) being completely submerged 
* 
under the TT -• TT t r a n s i t i o n . This may be compared w i t h the spectrum of 
* 154 
4-phenylbenzophenone, where the lowest t r i p l e t i s T T > T T . 
* 
From the present work, however, i t was noted t h a t the n -* TT 
absorption of (40) was about as w e l l resolved from the n -» TT absorption 
as i t was i n the 4,4'-dibenzoyldiphenylalkanes. I n (41), the n TT 
t r a n s i t i o n was less w e l l resolved and could be observed as a shoulder on 
* 
the TT -* TT absorption. 
* I n benzene and cyclohexane the X of the n -• TT absorptions were J max * 
i n the 342-347 nm region w h i l s t the X of the TT -• rr absorption 
° max v 
remained r e l a t i v e l y s t a t i o n a r y i n the various solvents. The hypso-
* 
chromic s h i f t of the n -• TT t r a n s i t i o n w i t h i n c r e a s i n g solvent p o l a r i t y 
i s i n d i c a t i v e of the increasing degree of hydrogen bonding lowering the 
energy of the 'n' o r b i t a l . 
A spectrum of (42) i n 95% ethanol showed an absorption i n the 325-
350 nm region merging i n t o a strong absorption, ^ m a x 289 nm (e 26,000) and i t was not possible to o b t a i n a meaningful value of e or X f o r the r max * * n -» TT absorption. I n cyclohexane the n -• TT absorption was c l e a r l y d i s t i n c t , X 346 nm, and the intense absorption appeared at X 282 ' max ' r max 
nm. Very low s o l u b i l i t y of (42) i n cyclohexane precluded determination 
* 
of e f o r the n -» TT absorption, 
( i v ) N.m.r. Spectra 
N.m.r. spectra of some t y p i c a l 4,4'-dibenzoyldiphenylalkanes 
are recorded i n Table 3.4. 
TABLE 3.4 
N.m.r. Spectra of 4,4'-Dibenzoyldiphenylalkanes 
Diketone 
Aromatic Protons 
Chemical S h i f t No. of protons 
A l i p h a t i c Protons 












4.0 ( s i n g l e t ) 2 
3.05 ( s i n g l e t ) 4 
2.9-2.55 4 
( m u l t i p l e t -
broadened 
t r i p l e t ) 
2.25-1.8 2 
(unresolved 
m u l t i p l e t ) 
2.85-2.45 4 
( m u l t i p l e t -
broadened 
t r i p l e t ) 
1.9-1.4 6 
(unresolved 
m u l t i p l e t ) 
No tes a. Spectra recorded i n CDCl^ solvent, 
b. Chemical s h i f t s are 6 values i n ppm r e l a t i v e to 
i n t e r n a l I M S , 
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S a t i s f a c t o r y i n t e g r a t i o n s were obtained i n a l l cases. The methylene 
protons i n the higher 4,4 1-dibenzoyldiphenylalkanes appeared as m u l t i p l e t s 
i n two general regions. Methylene protons a to the a r y l group appeared 
i n the region 62.9-2.45. Other methylene protons appeared as broad 
unresolved m u l t i p l e t s u p f i e l d r e l a t i v e to the a-methylene protons. 
EXPERIMENTAL 
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3.7 Preparation of Diketones from F r i e d e l - C r a f t s Reaction of B i s ( a c y l 
c h l o r i d e s ) and Benzene 
(a) Preparation of m-Dibenzoylbenzene 
To a s t i r r e d s o l u t i o n of i s o p h t h a l o y l d i c h l o r i d e (50 g., 0.246 
mole) i n dry benzene (400 m l ) , anhydrous aluminium c h l o r i d e (80 g., 0.60 
mole) was added i n small p o r t i o n s . The s o l u t i o n was r e f l u x e d f o r 2 hr ., 
cooled and hydrolysed by pouring i n t o 107„ HCl-ice water s o l u t i o n (2.5 1 ) . 
A f t e r evaporation of the benzene, the r e s u l t i n g crude m a t e r i a l was 
f i l t e r e d o f f and washed successively w i t h a 5% aqueous s o l u t i o n of 
sodium carbonate, a 5% aqueous s o l u t i o n of HC1, and water. The crude 
product was then r e c r y s t a l l i z e d from cyclohexane to a constant m e l t i n g 
po i n t to give m-dibenzoylbenzene (21 g., 30%, m.p. 103-104°, ( l i t . 
99.5-100°; 2 3 7 109-110°9°). Found: C,83.92; H,4.647„. Calculated f o r 
C20 H14°2 : C > 8 3 ' 9 ° ; H,4.93%). 
(b) Preparation of p-Dibenzoylbenzene 
Following the same procedure as f o r m-dibenzoylbenzene but 
s u b s t i t u t i n g t e r e p h t h a l o y l d i c h l o r i d e f o r i s o p h t h a l o y l d i c h l o r i d e , the 
crude product was r e c r y s t a l l i z e d from carbon t e t r a c h l o r i d e to give 
p-dibenzoylbenzene (7.5 g., 117., m.p. 159-160°, ( l i t . 160-161°, 2 3 8 
161-162° 9 ° ) . Found: C, 84.25; H,4.637.. Calculated f o r C 2 0 H 1 4 ° 2 : 
C.83.90; H,4 . 937J. 
147. 
3.8 Preparation of Diketones by F r l e d e l Crafts Reaction Between 
Diphenyl Compounds and Benzoyl Chloride 
Aromatic diketones of the type (38) were prepared by F r i e d e l - C r a f t s 
0 0 
^23) where n = 0,1,2,3,4,5,6 & 10. 
benzoylation of the appropriate diphenyl compound. Diphenyl, diphenyl 
ether, diphenylmethane and 1,2-diphenylethane were commercially a v a i l a b l e 
as l a b o r a t o r y reagent grade chemicals, and were used w i t h o u t f u r t h e r 
p u r i f i c a t i o n . 
252 
(a) Preparation of Qf.cu-Diphenylalkanes 
Of,u)-Diphenylalkanes [X = (CH^^, n = 3,4,5,6 and 10] were 
prepared by W u r t z - F i t t i g r e a c t i o n of a, m-dibromoalkanes w i t h bromobenzene. 
A mixture of a,m-dibromoalkane (1 molecular p r o p o r t i o n ) and bromo-
benzene (> 2 molecular p r o p o r t i o n s ) was added dropwise w i t h s t i r r i n g to 
t h i n l y s l i c e d sodium (> 4 molecular p r o p o r t i o n s ) i n dry ether. A deep 
blue colour formed f a i r l y r a p i d l y . A f t e r any i n i t i a l v i o l e n t r e a c t i o n , 
c o n t r o l l e d by c o o l i n g w i t h i c e , the mixture was s t i r r e d at room 
temperature f o r 24 hr . The ethereal s o l u t i o n was then f i l t e r e d , the 
s o l i d residue being washed w i t h ether, and then r e s i d u a l sodium was 
c a r e f u l l y destroyed by a d d i t i o n of a l c o h o l . The f i l t r a t e and ether 
washings were combined, the ether removed and the r e s u l t i n g residue 
f r a c t i o n a l l y d i s t i l l e d under reduced pressure to y i e l d the Of,u>-diphenyl-
alkanes as colourless l i q u i d s . Although f r a c t i o n s of a f a i r l y wide 
148. 
b o i l i n g range were combined, s p e c t r a l data ( i n f r a r e d , n.m.r. and mass 
spectra) proved s a t i s f a c t o r y . 
Data f o r t y p i c a l preparations of i n d i v i d u a l or, urdiphenylalkanes i s 
summarized i n Table 3.5. 
90 91 241 
(b) F r i e d e l - C r a f t s Benzoylation of Diphenyl Compounds ' ' 
i ) Benzoylations i n the Absence of Solvent 
The diphenyl compound was slowly added to a w e l l s t i r r e d 
mixture of powdered anhydrous A l C l ^ and benzoyl c h l o r i d e , w i t h r a p i d 
darkening of the r e a c t i o n mixture. The mixture was s t i r r e d at 80-90°C 
to complete r e a c t i o n , p a r t i a l l y cooled and poured i n t o a 107» HCl-ice-
water s o l u t i o n . The crude product was f i l t e r e d o f f , washed w i t h a l k a l i 
and then w i t h water. The r e s u l t i n g m a t e r i a l was then repeatedly 
r e c r y s t a l l i z e d to a constant m e l t i n g p o i n t . 
On i n i t i a l r e c r y s t a l l i z a t i o n s , t a r s tended to separate out from 
the c o o l i n g s o l u t i o n s before the appearance of any c r y s t a l s . As soon as 
t a r separation appeared complete, r e c r y s t a l l i z i n g s o l u t i o n s were 
decanted o f f from the t a r s and allowed to stand f o r several hours where-
upon yellow c r y s t a l s of impure diketone generally formed. Repeated 
r e c r y s t a l l i z a t i o n of t h i s m a t e r i a l together w i t h r e f l u x i n g i n the presence 
of d e c o l o u r i s i n g charcoal was necessary to o b t a i n pure product. I n some 
cases i t was found b e n e f i c i a l to change solvents during the r e c r y s t a l l i z a t i o n 
processes. 
Preparative data on t y p i c a l preparations of i n d i v i d u a l diketones i s 
given i n Table 3.6. 
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( i i ) B enzoylations with Carbon D i s u l p h i d e as Solvent 
Benzoyl c h l o r i d e ( c a . 2.4 molecular p r o p o r t i o n s ) was s l o w l y 
added to a v i g o r o u s l y s t i r r e d mixture of diphenyl compound (1 molecular 
proportion) and powdered anhydrous A l C l ^ ( c a . 2.8 molecular p r o p r t i o n s ) 
i n carbon d i s u l p h i d e . A f t e r spontaneous r e f l u x i n g had subsided, the 
s o l u t i o n was r e f l u x e d for a few hours, cooled and poured i n t o 10% HC1 
i 
i c e -water s o l u t i o n . Following evaporation of the carbon d i s u l p h i d e , the 
r e s u l t i n g crude product was f i l t e r e d o f f and p u r i f i e d by combinations of 
'vacuum' d i s t i l l a t i o n , column chromatography and r e c r y s t a l l i z a t i o n 
(together with b o i l i n g with d e c o l o u r i s i n g c h a r c o a l ) u n t i l repeated 
r e c r y s t a l l i z a t i o n gave products of constant melting point. 
Crude products obtained i n the p r e p a r a t i o n of l , 3 - ( 4 , 4 ' - d i b e n z o y l -
diphenyl)propane and l,5-(4,4'-dibenzoyldiphenyl)pentane were s u b j e c t e d , 
_3 
before r e c r y s t a l l i z a t i o n , to d i s t i l l a t i o n under reduced p r e s s u r e (10 
-4 
-10 mm Hg) to g i v e 
1) benzoic a c i d ( i d e n t i f i e d by i n f r a r e d spectrum), 
2) impure diketones as h i g h l y v i s c o u s yellow o i l s . 
The o i l (1 g.) comprising mostly 1,5-(4,4 '-dibenzoyldiphenyDpentane 
was chromatographed on a column of s i l i c a g e l (40 cm x 2.5 cm diameter), 
e l u t i n g w i t h chloroform and c o l l e c t i n g f r a c t i o n s of ca. 15 ml. volume. 
Removal of chloroform ( r o t a r y evaporator) from f r a c t i o n s c o n t a i n i n g 
e s s e n t i a l l y one product (as detected by t h i n l a y e r chromatography on 
s i l i c a g e l , developing with chloroform) y i e l d e d a l e s s h i g h l y coloured 
v i s c o u s o i l , from which c r y s t a l s of diketone could be obtained. 
T y p i c a l p r e p a r a t i v e data on i n d i v i d u a l diketones i s recorded i n 
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CHAPTER 4 
STEP-GROWTH PHOTOPOL'¥MERIZATION VIA TRIPLET STATES OF BENZOPHENONE-
TYPE AROMATIC DIKETONES 
GENERAL INTRODUCTION 
153. 
4.1 General I n t r o d u c t i o n 
Step-growth photopolymerization of s u i t a b l e diketones w i t h dienes 
o f f e r s a route to novel polymers c o n t a i n i n g oxetane r i n g s i n the main 
polymer c h a i n . Such photopolymerizations are of i n t e r e s t , not only 
from the standpoint of a c o n t r i b u t i o n to t h i s new concept i n the f i e l d 
of polymer chemistry, but a l s o because the polymers themselves may f i n d 
i n t e r e s t i n g a p p l i c a t i o n s . The production of l i n e a r polymeis from oxetanes 
256 
i s w e l l e s t a b l i s h e d , and extension of r e a c t i o n s producing such 
polymers to macromolecules c o n t a i n i n g a s e r i e s of oxetane r i n g s i n a 
l i n e a r chain may l e a d to i n t e r e s t i n g and v a l u a b l e network polymers. 
I n t h i s chapter, the p r e p a r a t i o n and c h a r a c t e r i z a t i o n of a s e r i e s 
of polymers, produced by Paterno-Buchi r e a c t i o n of benzophenone-type 
aromatic diketones (see Chapter 3) w i t h t e t r a m e t h y l a l l e n e and furans 
(mainly furan i t s e l f ) i s d e s c r i b e d . P h o t o p i n a c o l i z a t i o n of the aromatic 
diketones, to give polybenzopinacols, has a l s o been undertaken, and i s 
d e s c r i b e d as a r e l a t e d i n v e s t i g a t i o n . 
A. 




4.2 Photoaddition of Benzophenone to T e t r a m e t h y l a l l e n e 
( a ) P r e p a r a t i o n of Photoadducts 
Carbonyl compounds may undergo photocycloaddition to a l l e n e s w i t h 
the formation of 2-alkylideneoxetane and 1,5- and 1,6-dioxaspiro[3,3] 
u . - 109,172,179-181,257 ... . . . . 
heptane r i n g systems. A l l e n e s used i n c l u d e a l l e n e 
i t s e l f , 1,1-dimethylallene and t e t r a m e t h y l a l l e n e (TMA). Carbonyl 
compounds employed i n c l u d e benzophenone, acetophenone, benzaldehyde, 
fluorenone, xanthone and acetone. 
Photoaddition of benzophenone to TMA occurs on i r r a d i a t i o n of 
e i t h e r a s o l u t i o n o f benzophenone i n TMA or s o l u t i o n s of the two r e a c t a n t s 
257 
i n benzene. Products obtained i n the l a t t e r case are l i s t e d i n Table 
4.1 together with y i e l d s and i n f r a r e d s p e c t r a l data. I n a t y p i c a l 
experiment, a s o l u t i o n of 0.10 moles of benzophenone and 0.12 moles of 
TMA was i r r a d i a t e d f o r 24 hours, the s o l u t i o n being purged w i t h n i t r o g e n 
u 109 throughout the i r r a d i a t i o n p e r i o d. R e s u l t i n g products could be 
separated by column chromatography on alumina, e l u t i n g w i t h n-hexane-
benzene mixtures. I n a d d i t i o n to the c y c l o a d d i t i o n r e a c t i o n with 
oxetane formation, hydrogen a b s t r a c t i o n from the methyl groups of TMA 
occurred w i t h the formation of compounds ( 5 4 ) , (55) and (56) (Table 
4.1). 
D i r e c t i r r a d i a t i o n of benzophenone i n TMA appeared to give compound 
(53) as major product p l u s two u n i d e n t i f i e d compounds, n e i t h e r of which 
were i d e n t i c a l to compound ( 5 2 ) , although (52) may have been i n i t i a l l y 
p resent, undergoing rearrangement i n the course of chromatographic 
r u i , . 181,257 s e p a r a t i o n of the crude product mixture. 
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TABLE 4.1 
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OH i OH I 1 
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P h — C — P h 1 ^ 2 0 — c — 






P h — C — C—Me I 1 Ph Me 
Ph — C — C —Me 1 1 Ph Me 
Ph — C — C —Me 1 1 Ph Me 
990-980 
c m " 1 ( a ) 
(54) (55) 0 6 ) 
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(b) C h a r a c t e r i z a t i o n of Products 
Products showed strong absorption i n the 1000 cm * region, 
109 256 258 259 
c h a r a c t e r i s t i c of oxetane r i n g s . ' ' ' The products ( 5 1 ) , ( 5 4 ) , 
and (55) showed an absorption band a t c a . 1725 cm I t has been 
257 
proposed that t h i s band i s analogous to the absorption of enol e t h e r s 
between 1633-1712 cm and the very high frequency i s c o n s i s t e n t with 
t h a t u s u a l l y observed f o r double bonds e x o c y c l i c to small s t r a i n e d r i n g s . 
Compounds ( 5 4 ) , (55) and (56) showed c h a r a c t e r i s t i c weak OH s t r e t c h 
absorptions a t ca. 3450-3570 cm \ 
The n.m.r. spectrum of compound (53) showed four sharp resonanaces 
i n the a l i p h a t i c region ( c a . 5I) which have been t e n t a t i v e l y a s s i g n e d as 
257 






Me Me Ph 
61.29, 0.57 
The n.m.r. spectrum of compound (52) showed sharp, s i n g l e t s at 61.29 
and 6 1 . 0 3 . 2 5 7 
179 
Arnold and G l i c k have assigned the s p i r o k e t a l s t r u c t u r e to 
compound ( 5 2 ) , supported by the chemical evidence t h a t treatment of (52) 
wit h e t h a n o l i c HC1 gave l , l - d i m e t h y l - 2 , 2 - d i p h e n y l e t h y l e n e as one of the 
products. Cleavage of the monoadduct (51) gave benzophenone and the 
157. 





H +,H 20 
Me V 
Me 
> Ph 2C=0 + (Me) 2CHCOCH(Me) 2 (4.1) 
Me 
Compound (53) was not cleaved to ketones by aqueous a c i d a t room 
257 temperature 
( c ) Mechanism 
The f i r s t s tep of the r e a c t i o n , which r e s u l t s almost e x c l u s i v e l y 
i n the bonding of carbonyl oxygen to the c e n t r a l a l l e n e carbon, may be 
r e a d i l y e x p l a i n e d by s e l e c t i v e formation (eq.4.2) of an inter m e d i a t e 
having a s t a b i l i z e d a l l y l i c p a r t s t r u c t u r e (as opposed to a v i n y l i c 
r a d i c a l s t r u c t u r e f o r the a l t e r n a t i v e mode of a d d i t i o n ) . 
Ph Ph 
Ph-C-0 Ph-C-0 
Ph C=0 ( t r i p l e t ) + C=C=C -» | •• I I (4.2) 
N -C-C. - c - c v 
' c- c-
F a c t o r s c o n t r o l l i n g competition between the p o s s i b l e courses of the 
257 
second a d d i t i o n step, however, are l e s s w e l l defined. The conventional 




Ph C — 0 Ph 
-C — I 
Me 
Me —C 0 




Ph C 0 Me 
Me C C C — M e 
Me 0 C — Ph 
Ph 
(5 8 ) 
I t has been p o i n t e d o u t t h a t t h e h i g h s t r a i n e nergy i n t h e e x o c y c l i c 
d o u ble bonds o f t h e e n o l e t h e r s w i l l make t h e d o u b l e bonds h i g h l y 
257 
r e a c t i v e . W i t h t h e r e s u l t i n g r a p i d r e a c t i o n n o r m a l s e l e c t i v i t y may 
n o t be o b s e r v e d . Evidence f o r h i g h r e a c t i v i t y i n c l u d e s t h e f o r m a t i o n o f 
d i a d d u c t s by a d d i t i o n o f c a r b o n y l compound t o monoadduct as a c o m p e t i t i o n 
r e a c t i o n t o f o r m a t i o n o f monoadduct by a d d i t i o n o f c a r b o n y l compound t o 
p a r e n t a l l e n e , even when t h e l a t t e r i s i n l a r g e excess as r e a c t i o n 
medium. 
S t a b i l i z a t i o n o f b i r a d i c a l ( 5 7) w i t h oxygens a t o b o t h s p i n c e n t r e s 
nay be l e s s t h a n e x p e c t e d because o f a decrease i n t h e TT i n t e r a c t i o n f o r 
t h e s p i n c e n t r e t h a t i s p a r t o f t h e o x e t a n e r i n g , compared t o i n t e r a c t i v e 
s t a b i l i z a t i o n i n a c y l i c a-oxy r a d i c a l s . 
S c h r o e t e r has suggested t h a t t h e mode o f a d d i t i o n o f t h e second 
benzophenone m o l e c u l e may be due p r i m a r i l y t o t h e low d i r e c t i n g e f f e c t o f 
t h e a l k o x y groups i n g e n e r a l , r a t h e r t h a n as a r e s u l t o f decrease i n rr 
. 260 i n t e r a c t i o n i n t h a s m a l l r i n g systems. 
i 5 9 . 
( d ) A p p l i c a b i l i t y o f ? ? e t r a m e t h y l a l l e n e as a Diene i n Step-Growth 
P h o t o p o l y m e r i z a t i o n s I n v o l v i n g Oxetane F o r m a t i o n 
A l l t h e p r o d u c t s l i s t e d i n T a b l e 4.1 r e s u l t f r o m r e a c t i o n s t h a t 
s h o u l d , i f e x t e n d e d t o r e a c t i o n between a s u i t a b l e benzophenone-type 
a r o m a t i c d i k e t o n e and t e t r a m e t h y l a l l e n e , p r o p a g a t e t h e polymer c h a i n i n 
s t e p - g r o w t h p h o t o p o l y m e r i z a t i o n . 
A p p r o x i m a t e l y 90% o f benzophenone m o l e c u l e s r e a c t by c y c l o a d d i t i o n 
w i t h o x e t a n e f o r m a t i o n , and extended t o t h e p h o t o p o l y m e r i z a t i o n t h i s 
may be e x p e c t e d t o produce a polymer c o n t a i n i n g p r e d o m i n a n t l y o x e t a n e 
u n i t s i n t h e main polymer c h a i n , as shown i n t h e s t r u c t u r e ( 5 9 ) . 
Me 
-i-0 Me 
0 C C Ar' 
| I 
Ar 
Ar ' C C — M e 
Ar Me 
+ i s o m e r i c s t r u c t u r e s 
(59) 
A p p r o x i m a t e l y 10% o f benzophenone m o l e c u l e s r e a c t by a b s t r a c t i n g 
hydrogen f r o m t h e m e t h y l groups o f t e t r a m e t h y l a l l e n e . Such a r e a c t i o n 
o c c u r r i n g i n t h e p o l y m e r i z a t i o n p r o c e s s w i l l be e x p e c t e d t o produce a 
p r o p o r t i o n o f t e r t i a r y OH groups i n t h e polymer ( c f . p o l y p i n a c o l f o r m a t i o n ) 
i n p l a c e o f o x e t a n e l i n k u n i t s , g i v i n g o v e r a l l polymer s t r u c t u r e s o f t h e 
t y p e ( 6 0 ) . 
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Me I 
Me C — 0 
0 C- •C-
1, 
A r ' — C — C — Me 
Ar Me 
Ar 




C = C — C — M e 




+ i s o m e r i c 
s t r u c t u r e s 
(n > m) 
The o v e r a l l high y i e l d of the products from photoreaction of 
benzophenone and t e t r a m e t h y l a l l e n e (Table 4.1) suggests i t s s u i t a b i l i t y 
as a model system for extension to photopolymerization. 
There i s no report of a d d i t i o n of a t h i r d benzophenone molecule to 
r e s i d u a l C=C double bonds i n s t r u c t u r e s of the type (54) and (55) (which 




4.3 P r e p a r a t i o n of Polymers from Aromatic Diketones and T e t r a m e t h y l a l l e n e 
I r r a d i a t i o n a t 350 nm of equimolar q u a n t i t i e s of aromatic diketones 
[ ( 4 0 ) - ( 4 2 ) , ( 4 4 ) - ( 5 0 ) - see Chapter 3] and TMA i n benzene s o l u t i o n , w i t h 
the e x c l u s i o n of oxygen, gave low to medium molecular weight polymers as 
enumerated below: / ,7 
Diketone Polymer Diketone Polymer 
(40) Poly TMAM (46) Poly TMA3 
(41) Poly TMAP (47) Poly TMA4 
(42) Poly TMAE (48) Poly TMA5 
(44) Poly TMA1 (49) Poly TMA6 
(45) Poly TMA2 (50) Poly TMA10 
Fa c t o r s governing the choice of monomer con c e n t r a t i o n for i r r a d i a t i o n 
purposes i n c l u d e d the s o l u b i l i t y of the aromatic diketone i n benzene and 
the a v a i l a b i l i t y of monomer. V i r t u a l l y no r e a c t i o n occurred between 
diketone (43) and TMA. 
T o t a l r e a c t i o n products were i s o l a t e d by f r e e z e drying from d i l u t e 
benzene s o l u t i o n s ; t h i s allowed e f f i c i e n t removal of so l v e n t without 
recourse to he a t i n g . Most polymers were r e d i s s o l v e d and then p r e c i p i t a t e d 
from benzene s o l u t i o n s u s i n g 40-60° petroleum ether as the non s o l v e n t . 
The p r e c i p i t a t e d polymers were again d i s s o l v e d and recovered by f r e e z e 
drying from benzene. Attempting to pump o f f r e s i d u a l s o l v e n t s from the 
p r e c i p i t a t e d polymers a f t e r f i l t r a t i o n was not e f f e c t i v e as heating was 
req u i r e d for complete removal of s o l v e n t s , and molecular weight s t u d i e s 
i n d i c a t e d that polymer degradation occurred during the h e a t i n g . The 
fre e z e drying technique gave polymers as white or creamy white f i n e 
powders. 
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4.4 Polymer S o l u b i l i t i e s 
A l l the polymers were extremely s o l u b l e and d i s s o l v e d r a p i d l y i n 
benzene; they tended to be as or more s o l u b l e than the corresponding 
diketone monomer i n benzene. For example, the s o l u b i l i t y of polyTMAM i n 
benzene was > 350 g . / l . PolyTMA2 was more than s i x times as s o l u b l e i n 
benzene as the 1,2-(4,4'-dibenzoyldiphenyl)ethane monomer ( 4 5 ) . 
P r e c i p i t a t i o n of polymer during the photopolymerization process was never 
observed. The high s o l u b i l i t i e s are i n d i c a t i v e of l i n e a r polymers with 
l i t t l e or no c r o s s l i n k i n g . 
4.5 Molecular Weights and Melting C h a r a c t e r i s t i c s of Polymers 
Molecular weights of polymers (measured by the i s o p i e s t i c method i n 
benzene - see Appendix A) and corresponding D.P.'s (based on an a d d i t i o n 
r e a c t i o n between diketone and TMA, and a r e p e a t i n g u n i t combining the 
molecular formulae of diketone and TMA) for crude and p r e c i p i t a t e d 
polymers a r e shown i n Table 4.2. Temperatures a t which the f i r s t apparent 
change occurred on he a t i n g polymer samples i n melting point c a p i l l a r i e s 
are a l s o recorded. Maximum observed D.P.'s f o r each polymer 
ranged from ca. 10 to 27. The h i g h e s t polymers, i n terms of D.P., were 
polyTMAl, polyTMAM and polyTMA3. 
Although, i n the s e r i e s of polymers c o n t a i n i n g methylene chains i n 
the r e p e a t i n g u n i t , the h i g h e s t polymers were obtained from diketones 
w i t h the s h o r t e r methylene chains (n = 1-3), general c o n c l u s i o n s on the 
r e l a t i v e e f f i c i e n c y of 4,4 1-dibenzoyldiphenylalkanes i n the photopoly-
m e r i z a t i o n r e a c t i o n may be modified when v a r i a t i o n s i n c o n d i t i o n s of 
pr e p a r a t i o n and p r e c i p i t a t i o n are taken i n t o account, and the observed 
163. 
TABLE 4.2 
Molecular Weights, Degrees of P o l y m e r i z a t i o n and Melting C h a r a c t e r i s t i c s 
of Diketone - T e t r a m e t h y l a l l e n e Polymers 
Temperature at which 
Molecular Weight (D.P.) Polymers V i s i b l y , 
Polymer Changed S t a t e (°C) 
Crude P r e c i p i t a t e d Crude P r e c i p i t a t e d 
PolyTMAM 6610 (17.3) - - 187 d 
PolyTMAP 2200 (5.8) 3900 (10.2) 174 6 177 f 
PolyTMAE 6200 (13.1) - - 186 e 
PolyTMAl 13000 (27.5) - - 182 d 
PolyTMA2i- 2800 (5.8) 4200 (8.6) —
 _ 
P f 
J 6400 (13.2) 7300 (15.0) 180 177 PolyTMA3 5300 (10.6) 8100 (16.2) 160 d 163 d 
PolyTMA4 4100 (8.0) 6100 (11.9) 164 d 164 d 
PolyTMA5 2800 (5.3) 6300 (11.9) 146 d 158 d 
PolyTMA6 3100 (5.7) 6200 (11.4) 150 6 160 6 
PolyTMAlO 3700 (6.2) 7400 (12.4) 1 2 5 d 
Notes 
a) Polymers prepared as recorded i n Table 4.12. 
b) Determined i n me l t i n g point c a p i l l a r i e s 
c ) A f t e r r e i r r a d i a t i o n 
d) Sample became tacky 
e) Shrinkage of sample 
f ) Sample darkened and became tacky. 
d i f f e r e n c e s i n D.P. are probably not s i g n i f i c a n t except for the markedly 
higher D.P. observed for polyTMAl. 
Despite e a r l i e r r e p o r t s on the i n e f f i c i e n c y of m-dibenzoylbenzene i n 
90 91 
forming polybenzopinacols, ' f a i r l y high D.P. (ca.17) photocyclo-
a d d i t i o n polymers have been obtained although the mechanisms of the two 
164. 
photopolymerizations bear common f e a t u r e s (see Chapter 2 and s e c t i o n 
4.2). 
Heating of polymers i n melting point c a p i l l a r i e s caused observable 
change of p h y s i c a l s t a t e below 190°C i n a l l c a s e s . The general trend 
towards d e c r e a s i n g thermal s t a b i l i t y w ith i n c r e a s i n g methylene chain 
length, observed with the polymers derived from 4 , 4 1 - d i b e n z o y l d i p h e n y l -
alkanes, followed a s i m i l a r trend i n m e l t i n g p o i n t s of the parent diketones. 
The r e l a t i o n s h i p between 'melting point* and molecular weight for 
polyTMAl i s demonstrated g r a p h i c a l l y i n F i g u r e 4.1. 
The graph shows a c l a s s i c a l p h y s i c a l property versus molecular 
weight r e l a t i o n s h i p , the p l a t e a u v a l u e for the 'melting p o i n t 1 being 
reached a t a molecular weight of ca.4000. Consequently,'melting p o i n t ' 
comparisons for polymers from d i f f e r e n t diketones may be v a l i d d e s p i t e 
v a r i a t i o n s i n D.P. between ca.10 and 27. B r i t t l e f i b r e s could be drawn 
from the melt f o r a l l polymers. 
4.6 F u r t h e r C h a r a c t e r i z a t i o n of Polymers 
Y i e l d s of crude polymers were q u a n t i t a t i v e for photoaddition between 
aromatic diketones and t e t r a m e t h y l a l l e n e . Elemental a n a l y s e s f o r poly-
TMAM, TMA1, TMA2, TMA3, TMA4, TMA6 and TMA10 were i n good agreement w i t h 
ana l y s e s r e q u i r e d f o r such photoaddition. C,H an a l y s e s for poly-TMAP, 
TMAE and TMA5 were ca.1% out, although i t may be noted that l e s s 
s a t i s f a c t o r y a n a l y s e s have been accepted for polymers from step-growth 
photopolymerization by other workers ( f o r example - see Table 1.4 or 




M e l t i n g P o i n t (T) - M o l e c u l a r Weight f o r PolyTMAl 
1 8 0 -








n ~ i i i i i i I i—r—i—i 
° 10 2-0 30 4 0 SO 6 0 70 8 0 9 0 X>0110 
Hxl*-KT 
Note a) Determined as t e m p e r a t u r e a t w h i c h polymer samples f i r s t s o f t e n e d 
on h e a t i n g i n m e l t i n g p o i n t c a p i l l a r i e s . 
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(a) Model Compound Study 
C h a r a c t e r i z a t i o n of polymers was aided by comparison with the 
model system benzophenone-tetramethylallene. Products and i n f r a r e d s p e c t r a l 
data for t h i s system have a l r e a d y been d i s c u s s e d ( s e c t i o n 4.2). A 
r e p e t i t i o n of the i r r a d i a t i o n of benzophenone and TMA i n benzene, with a 
109 
r a t i o of m a t e r i a l s s i m i l a r to that used by Arnold, y i e l d e d a product 
mixture comprising at l e a s t four components (as detected by t h i n l a y e r 
chromatography). S i n c e i n d i v i d u a l products had been separated and 
c h a r a c t e r i z e d by Arnold, and a l l corresponding s t r u c t u r a l u n i t s were 
expected to be present i n the polymers, s e p a r a t i o n of the components 
was not attempted. An i n f r a r e d spectrum of the product mixture (appendix 
C) showed a broad absorption centred at 3550 cm \ aromatic and a l i p h a t i c 
C-H s t r e t c h between 3100-2850 cm \ a medium to weak absorption at 
1730 cm~\ n e g l i g i b l e r e s i d u a l carbonyl s t r e t c h (ca.1655 cm ^) and a 
strong broad absorption between ca.1010 and 930 cm ^ w i t h peaks of 
i n t e n s i t y at 990 cm"\ 955 cm * and 940 cm \ i n good agreement w i t h the 
combined absorptions from products obtained by Arnold (Table 4.1) and 
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the r e l a t i v e r a t i o s of products obtained by him. 
(b) I n f r a r e d S p e c t r a of Polymers 
The i n f r a r e d s p e c t r a of t y p i c a l samples of polymers from the 
i n d i v i d u a l diketones and t e t r a m e t h y l a l l e n e are recorded i n appendix C. 
With the exception of polyTMAP the s p e c t r a show n e g l i g i b l e r e s i d u a l 
C=C s t r e t c h (1665-1650 cm . Weak broad absorptions centred a t 3550 cm * 
are c h a r a c t e r i s t i c of the t e r t i a r y OH grouping. Absorptions v a r y i n g 
1 -1 from very weak to medium weak are observed around 1720 cm . Broad, 
strong absorptions i n the 1010-940 cm * region, centred g e n e r a l l y at ca. 
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1000-980 cm , 960 cm and 945 cm are c h a r a c t e r i s t i c of oxetane r i n g s . 
A l l these absorptions correspond c l o s e l y to the absorptions quoted for 
the model system; the r e l a t i v e i n t e n s i t y r a t i o s a l s o suggest that the 
frequency w i t h which the v a r i o u s s t r u c t u r a l u n i t s occur i n the polymers 
i s approximately the same as th a t observed i n the model system. 
The g e n e r a l l y broadened bands i n the s p e c t r a a r e c h a r a c t e r i s t i c of 
polymeric m a t e r i a l and, as would be expected, there i s a s t r i k i n g 
resemblance between s p e c t r a of polymers d e r i v e d from the 4,4'-dibenzoyl-
diphenylalkanes and TMA. 
Absorption a t 1710 cm ^ i n the spectrum of polyTMAP was very strong, 
and an anomalous absorption was a l s o noted at 1770 cm ^. 
( c ) N.m.r. S p e c t r a of Polymers 
N.m.r. s p e c t r a of the polymers ( i n CDCl^) obtained a t 60 MHz 
were poorly resolved,but g e n e r a l l y showed broad aromatic absorption i n 
the 67.7-6.7 region and broad a l i p h a t i c absorptions i n the 62.0-0.5 
region. Protons of methylene groups a to benzene r i n g s i n polymers 
de r i v e d from 4,4 1 - d i b e n z o y l d i p h e n y l a l k a n e s could be d i s t i n g u i s h e d at 
chemical s h i f t s analogous to those observed f o r the parent diketones 
( c a . 64.0-2.5), and the broad strong absorption between 62.0-0.5 
corresponded l a r g e l y to the methyl protons d e r i v e d from TMA. Other 
methylene protons, t e r t i a r y OH protons e t c . were e i t h e r incorporated i n 
the broad 62.0-0.5 absorption or not detected on account of the poor 
s i g n a l to no i s e r a t i o . However, o v e r a l l aromatic to a l i p h a t i c proton 
i n t e g r a t i o n s could be obtained and were c o n s i s t e n t w i t h the p o s t u l a t e d 
polymer s t r u c t u r e s . 
168. 
Good evidence for p o s t u l a t e d polymer s t r u c t u r e s has been obtained from 
a 220 MHz spectrum of polyTMAl, which showed absorptions at 67.9-6.6 
(broad), 4.0-3.8, 2.95 (weak), 2.35 (weak), 2.1 (v.weak) and 1.9-0.55. 
The peaks were not i n t e g r a t e d i n d i v i d u a l l y but o v e r a l l i n t e g r a t i o n 
i n d i c a t e d the r a t i o of aromatic to a l i p h a t i c protons (67.9-6.6:64.0-0.5) 
was 9:7 as r e q u i r e d for the p o s t u l a t e d polymer s t r u c t u r e . The s i g n a l to 
n o i s e r a t i o f o r the 5 I . 9-0.5 region was improved by the CAT technique and 
from t h i s improved spectrum i n d i v i d u a l bands could be r e s o l v e d and t h e i r 
chemical s h i f t s compared with those recorded for the methyl protons of 
the benzophenone-TMA 2:1 adducts (52) and ( 5 3 ) . Thus bands were 
detected at 61.65, 1.5-1.4, 1.28, 1.13, 1.03 and 0.58 and these should be 
compared w i t h the v a l u e s f o r model compounds (53) at 61.50, 1.43, 1.29 and 
0.57, and (52) at 61.29 and 1.03. Together with the bands due to 
aromatic protons (67.9-6.6) and the b e n z y l i c methylene (60a. 4.0) the above 
assignments account for the g r e a t e r p a r t (ca.95%) of the a r e a under the 
n.m.r. spectrum of polyTMAl. The remaining weak absorptions a t 62.95, 
2.35, 2.1, 1.65 and 1.13 have not been assigned but presumably a r i s e from 
minor s t r u c t u r a l c o n t r i b u t i o n s . 
4.7 E f f e c t of HC1 on PolyTMAM 
Passage of HC1 gas through a s o l u t i o n of polyTMAM i n benzene for 3 
hours reduced the molecular weight from 6100 to 1100. An i n f r a r e d spectrum 
of the product (Appendix C) showed, i n p a r t i c u l a r , a strong absorption 
at 1665 cm ^ and a g r e a t l y narrowed, though s t i l l s trong, 'oxetane' 
abso r p t i o n now centred at ca. 1000 cm \ there being v i r t u a l l y no 
a b s o r p t i o n between 960 and 930 cm ^ compared to strong absorption i n t h a t 
169. 
re g i o n for the i n i t i a l polymer. T h i s evidence i s e s s e n t i a l l y c o n s i s t e n t 
with cleavage of s t r u c t u r a l u n i t s of the type (61) l e a v i n g r e s i d u a l type 
(62) l i n k s i n the polymer. 
Ar 
I 
0 C Ar 1 
Ar 






Ar C — 0 
0 C — C — M e 
Me 
Ar ' C C — Me 
Ar Me 
(61) (62) 
Oxetane absorptions a t ca.960-930 cm 
for Ar = Ar 1 = Ph (compound 
( 5 2 ) ) 1 0 9 
Oxetane absorptions a t 
ca.1010-980 cm"1 for Ar = 
Ar' = Ph (compound 
( 5 3 ) ) 1 0 9 
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I t has been reported t h a t compound ( 5 3 ) , u n l i k e compound ( 5 2 ) , 
does not undergo f a c i l e h y d r o l y t i c cleavage w i t h aqueous ^SO^. Poly-
s u b s t i t u t e d oxetanes g e n e r a l l y undergo fragmentation to o l e f i n s and carbonyl compounds when t r e a t e d with mineral a c i d 256 
4.8 Growth C h a r a c t e r i s t i c s of PolyTMAl 
The growth of polyTMAl was s t u d i e d by i r r a d i a t i o n , under i d e n t i c a l 
c o n d i t i o n s , of benzene s o l u t i o n s of the monomers (0.0199M i n each r e a c t a n t ) 
for v a r y i n g periods of time and determination of the number average 
molecular weight (and hence D.P.) of the r e s u l t i n g recovered crude polymer. 
170. 
A graph showing the dependence of molecular weight on i r r a d i a t i o n time, 
under the c o n d i t i o n s employed, i s given i n F i g u r e 4.2. 
During the i n i t i a l stages of i r r a d i a t i o n (0 - ca.0.7 h o u r s ) , growth 
of the polymer was a l i t t l e slower than during the main growth p e r i o d 
( c a . 0.7-2 h o u r s ) . The i n c r e a s e i n r a t e of r e a c t i o n a f t e r the i n i t i a l 
stages i s c o n s i s t e n t with a d d i t i o n of e x c i t e d carbonyl to the f i r s t 
t e t r a m e t h y l a l l e n e double bond being slower and s e l e c t i v e compared to 
subsequent a d d i t i o n of carbonyl to h i g h l y r e a c t i v e enol ether, as i s the 
case with the benzophenone-tetramethylallene photoaddition r e a c t i o n 
( s e c t i o n 4 . 2 ) . 
For a conventional bimolecular step-growth p o l y m e r i z a t i o n where 
r e a c t i o n between f u n c t i o n a l groups i s k i n e t i c a l l y f i r s t order i n each 
f u n c t i o n a l group, the disappearance of e i t h e r f u n c t i o n a l group i s given 
by the r a t e equation for an o v e r a l l second order r e a c t i o n ( s i m p l i f i e d by 
taking i n t o account the e q u a l i t y i n c o n c e n t r a t i o n of both types of 
f u n c t i o n a l groups). A p p l i c a t i o n of Carothers' equation leads to the 
ex p r e s s i o n (4.3) 
D.P. = 1 + [M ] k t where [M ] = c o n c e n t r a t i o n of monomer at 
s t a r t of p o l y m e r i z a t i o n 
(4.3) 
T h i s e x p r e s s i o n p r e d i c t s that D.P. should i n c r e a s e l i n e a r l y with time. 
The s i t u a t i o n i s more complex for the step-growth photopolymerization 
where the maximum e f f e c t i v e c o n c e n t r a t i o n of f u n c t i o n a l group i s governed 
by the qua n t i t y of the r e l e v a n t e x c i t e d chromophore. F u r t h e r 
complications i n c l u d e modes of d e a c t i v a t i o n of e x c i t e d chromophore, 
r e v e r s i b l e and i r r e v e r s i b l e formation of in t e r m e d i a t e complexes, b i r a d i c a l 
171. 
FIGURE 4-2 
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Note a) 0.0199M S o l u t i o n s o f 4 , 4 ' - d i b e n z o y l d i p h e n y l m e t h a n e and TMA i n 
benzene i r r a d i a t e d i n Rayonet RPR-208 Reactor. 
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i n t e r m e d i a t e s , d i f f e r i n g r a t e s of c y c l o a d d i t i o n and competing hydrogen 
a b s t r a c t i o n r e a c t i o n s . 
With the few e m p i r i c a l r e s u l t s a v a i l a b l e here, together w i t h the 
general complexity of the system, a k i n e t i c treatment e q u i v a l e n t to t h a t 
for the more s t r a i g h t f o r w a r d bismaleimide photopolymerization (Chapter 1, 
s e c t i o n 1.6) i s not warranted. 
Growth of polymer has a l s o been followed by disappearance and 
development of i n f r a r e d absorption bands i n the polymer samples ( F i g u r e 
4.3). Disappearance of the C=0 s t r e t c h ( c a . 1655 cm and appearance of 
bands at ca.3500 cm 1720 cm * and i n the 'oxetane' region w i t h 
i n c r e a s i n g molecular weight i s c l e a r l y observed. 
Once the p l a t e a u molecular weight was reached, extended i r r a d i a t i o n 
caused no s i g n i f i c a n t change i n polymer molecular weight. I n an i n i t i a l 
attempt to study the growth of polyTMAl, s i x s o l u t i o n s of 4,4-dibenzoyl-
diphenylmethane and TMA i n benzene were i r r a d i a t e d under i d e n t i c a l 
c o n d i t i o n s for periods of between 15 and 160 hours. The r e s u l t i n g crude 
polymers a l l possessed number average molecular weights of between 4400 
and 4600. 
4.9 E f f e c t of Concentration on Polymer Molecular Weight 
The molecular weight a t t a i n e d i n photopolymerization of 4,4'-dibenzoyl-
diphenylmethane w i t h TMA has been found to depend c o n s i d e r a b l y on the 
i n i t i a l c o n c e n t r a t i o n of monomers. I r r a d i a t i o n of benzene s o l u t i o n s of 
v a r y i n g c o n c e n t r a t i o n i n monomers (0.00335M to 0.1117M) for 22 hours a t 
350 nm under i d e n t i c a l c o n d i t i o n s , and determination of the number average 
molecular weights of the r e s u l t i n g crude polymers r e v e a l e d a molecular 
weight-concentration dependence shown g r a p h i c a l l y i n F i g u r e 4.4. 
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FIGURE 4.3 
I n f r a r e d S p e c t r a o f D i f f e r i n g M o l e c u l a r Weight Samples o f PolyTMAl 
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FIGURE 4.4 
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Note a) S o l u t i o n s i r r a d i a t e d i n Rayonet RPR-208 Reactor f o r 22 h r . 
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R e s u l t s on the polymer growth c h a r a c t e r i s t i c s i n d i c a t e d t h a t f o r a 
0.0199M s o l u t i o n i n both r e a c t a n t s , the p l a t e a u molecular weight was 
e f f e c t i v e l y reached i n ca. 4 hours. The s i g n i f i c a n t l y higher molecular 
weights a t t a i n e d with i n c r e a s e d monomer c o n c e n t r a t i o n may be e x p l a i n e d by 
the i n c r e a s e d l i k e l i h o o d of encounter between an e x c i t e d carbonyl 
chromophore and a C=C double bond ( t a k i n g i n t o account the l i f e t i m e of the 
carbonyl t r i p l e t ) and the consequently i n c r e a s e d l i k e l i h o o d of r e a c t i o n 
l e a d i n g to polymer formation. 
As a consequence i t was p o s s i b l e to r e i r r a d i a t e a polymer, i n i t i a l l y 
prepared i n d i l u t e s o l u t i o n , a t a higher c o n c e n t r a t i o n and to o b t a i n a 
higher polymer. Thus r e i r r a d i a t i o n of polyTMA2, molecular weight 2800 
( i n i t i a l l y obtained at an o v e r a l l polymer c o n c e n t r a t i o n of 4.49 g/1. owing 
to the low s o l u b i l i t y of diketone i n benzene), at an i n c r e a s e d c o n c e n t r a t i o n 
of 24.0 g/1. for 390 hours y i e l d e d a crude polymer of molecular weight 
6400. 
4.10 Thermal S t a b i l i t y of Polymers 
Storage of polyTMAM for 9 months at room temperature caused no 
s i g n i f i c a n t change as determined by i n f r a r e d spectroscopy and molecular 
weight measurement. Heating of a sample of polyTMAM i n vacuo for 24 
hours at 61°C lowered the molecular weight of the sample from 3300 to 2700. 
(a) P y r o l y s i s of PolyTMAl 
Heating of a 0.42 g. sample of polyTMAl (molecular weight 10,000) 
for 1.5 hours at a temperature of 280-290 C and p r e s s u r e of ca.10 mm.Hg 
y i e l d e d ca.0.015 g. of v o l a t i l e m a t e r i a l . A gas phase i n f r a r e d spectrum 
of t h i s m a t e r i a l i n d i c a t e d that two of the components were benzene and 
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acetone, l e a v i n g u n i d e n t i f i e d absorptions p a r t i c u l a r l y a t 3000-2860 cm 1 
and 2350 cm" 1. (The absorption at 3000-2860 cm"1 was r e l a t i v e l y too 
in t e n s e to be assigned s o l e l y to acetone and the l a c k of absorption 
at 3716 cm 1 and 3609 cm 1 precluded assignment of the 2350 cm 1 
absorption to carbon d i o x i d e ) . Mass spectroscopy confirmed the presence 
of benzene and was c o n s i s t e n t w i t h acetone as another component. 
I n f r a r e d spectroscopy on the r e s i d u a l m a t e r i a l at the bottom of, 
and the ' d i s t i l l a t e ' around the neck of,the p y r o l y s i s f l a s k r e v e a l e d , 
i n both i n s t a n c e s , gross s t r u c t u r e corresponding to 4,4'-dibenzoyldiphenyl-
methane, w i t h a strong absorption at 1660 cm 1 and no bxetane abs o r p t i o n 
i n the 1000 cm 1 region. 
Oxetanes i n general decompose thermally to form o l e f i n s and 
carbonyl compounds, tr i m e t h y l e n e oxide, for example, decomposing a t 
450°C ( e q . 4 . 4 ) . 2 5 6 
CH„ CH 2 
CH2-
4SO° 
-=^L> CH 2=CH 2 + CH2=0 (4.4) 
Trimethylene oxide decomposition occurs e i t h e r by a concerted s c i s s i o n 
of both bonds simultaneously or v i a i n i t i a l s c i s s i o n of the C-0 bond 
261 
only, forming an uns t a b l e 1 , 4 - b i r a d i c a l . Ease of p y r o l y s i s of 
256 
s u b s t i t u t e d oxetanes v a r i e s w i t h the degree and type of s u b s t i t u t i o n . 
The s p e c t r o s c o p i c data obtained on the p y r o l y s i s products of poly-
TMAl was c o n s i s t e n t w i t h the oxetane r i n g s c l e a v i n g i n two d i r e c t i o n s to 
account for aromatic and a l i p h a t i c carbonyl s t r e t c h a b s o r p t i o n s . 
U n i d e n t i f i e d v o l a t i l e m a t e r i a l i s probably a hydrocarbon (or hydrocarbons) 
a r i s i n g from the TMA r e s i d u e or i t s fragmentation products. Benzene 
177. 
detected as one of the v o l a t l l e s may p o s s i b l y have been due to a t r a c e of 
r e s i d u a l s o l v e n t benzene i n the sample of polymer p y r o l y s e d . 
(b) Thermogravimetric A n a l y s i s 
T y p i c a l thermogravimetric analyses ( f o r polyTMAM and polyTMA6 
i n n i t r o g e n and s t a t i c a i r ) are recorded i n appendix D together w i t h data 
on i n s t r u m e n t a t i o n and operating c o n d i t i o n s . I n a i r thermograms were 
two step curves, the f i r s t step corresponding to the major weight l o s s 
(mainly i n the ca.300-400°C temperature range) 9 whereas i n n i t r o g e n 
thermograms were s i n g l e step curves. Temperature t h r e s h o l d s f o r major 
decomposition were g e n e r a l l y s l i g h t l y lower i n a n i t r o g e n atmosphere 
than i n s t a t i c a i r , and i n n i t r o g e n a small q u a n t i t y of charred r e s i d u e 
remained a t the end of the a n a l y s i s . 
Curves for the polymers from 4,4'-dibenzoyldiphenylalkanes and TMA 
bore a c l o s e resemblance to one another, 50% weight l o s s o c c u r r i n g at 
temperatures of between ca.360-390°C i n a i r and 390-410°C i n n i t r o g e n , 
but no s p e c i f i c r e l a t i o n s h i p between s t a b i l i t y and methylene c h a i n 
length was apparent. 
To o b t a i n information on the dependence of thermal s t a b i l i t y on 
molecular weight, four samples of polyTMAl (molecular weights: 770, 1000, 
2600 and 7100) were analysed i n s t a t i c a i r under the general c o n d i t i o n s 
given i n Appendix D, and the thermograms are shown i n F i g u r e 4.5. L i t t l e 
v a r i a t i o n was observed i n the t h r e s h o l d temperature of decomposition but 
at temperatures of the order of 450°C, the q u a n t i t y of r e s i d u a l m a t e r i a l 
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THE PHOTOPOLYMERIZATION OF AROMATIC DIKETONES WITH FURANS 
INTRODUCTION 
179. 
4.11 Photocycloaddition of Benzophenone to Furan and S u b s t i t u t e d Furans 
Benzophenone undergoes photocycloaddition to furan g i v i n g a 1:1 
adduct and 2:1 adducts. 
The formation of a 1:1 adduct i n near q u a n t i t a t i v e y i e l d was f i r s t 
262 263 
reported i n 1963. ' I r r a d i a t i o n of benzophenone i n excess furan 
(eq.4.5) gave a 1:1 adduct to which the s t r u c t u r e 6,6-diphenyl-2,7-
dioxabicyclo[3.2.0]hept-3-ene (63) was assigned. N.m.r. analysis 
Ph 





confirmed t h i s s t r u c t u r e 264 
Formation of 2:1 adducts from pho t o c y c l o a d d i t i o n of 2 molecules o f 
265 
benzophenone to furan i n benzene solvent was subsequently reported. 
Two 2:1 adducts were obtained to which the s t r u c t u r e s (64) and (65) were 
i n i t i a l l y assigned. A d i f f e r e n t s t r u c t u r e (66) was subsequently 
266—8 
assigned " to the more symmetrical 2:1 adduct o r i g i n a l l y designated 
as (64). 






Adducts have also been obtained from benzophenone and the 
263 269 263 267 s u b s t i t u t e d furans 2-methylfuran, ' 2,5-dimethylfuran, ' 3-
m e t h y l f u r a n , ^ ^ 2 - f u r f u r y l a l c o h o l ^ * ^ and 2 , 4 - d i m e t h y l f u r a n . ^ ^ 
(a) Preparation of Photoadducts 
1:1 Benzophenone-furan (or s u b s t i t u t e d furan) adducts have been 
262,269 
obtained by d i r e c t i r r a d i a t i o n of the ketone i n an excess of the furan. 
Y i e l d s , where noted, were near q u a n t i t a t i v e and apart from oxetanes no other 
269 
products were gen e r a l l y recorded. Benzophenone added to the double 
bond of the furan having the methyl s u b s t i t u e n t i n mono-methyl s u b s t i t u t e d 
furans. With 2,4-dimethylfuran a 50:50 mixture of 1:1 adducts was 
269 
formed, a d d i t i o n o c c u r r i n g equally to e i t h e r double bond. 
2:1 adducts have been prepared by i r r a d i a t i o n of nearly equimolar 
265 267 
benzene s o l u t i o n s o f benzophenone and the furan, ' and by 
265 
i r r a d i a t i o n of (63) and benzophenone i n benzene. Combined y i e l d s f o r 
267 
2:1 adducts are reported to be up to 50%, but no experiments have been 
reported f o r i r r a d i a t i o n of benzene s o l u t i o n s of benzophenone-furan where 
the molar r a t i o of benzophenone to furan was greater than 1. 
Thus i r r a d i a t i o n of a benzene s o l u t i o n o f benzophenone and furan 
(molar r a t i o 2:3) gave, a f t e r p u r i f i c a t i o n , 2:1 adducts (65) and (66) i n 
y i e l d s of 18% and 29% r e s p e c t i v e l y . 
181. 
(b) C h a r a c t e r i z a t i o n of Adducts 
( i ) 1:1 Adducts 
The 1:1 adduct of benzophenone was i n i t i a l l y assigned the 
s t r u c t u r e (63) (as opposed to s t r u c t u r e (67)) on account of the aci d -
262 






Gagnaire and Payo-Subiza confirmed the s t r u c t u r e by n.m.r. a n a l y s i s . 
Neglecting the 10 aromatic protons, the n.m.r. spectrum of the 1:1 adduct 
showed the f o l l o w i n g chemical s h i f t s and coupling constants f o r the furan 
protons a-d. 
6 a = 4.30 ppm J f l b = 3.1 Hz 
6 V = 4.79 ppm J = 4.5 Hz b v v ac 
6 £ = 6.20 ppm J f l d = 1.3 Hz 
6 d = 6.31 ppm J b ( , = 0 
J L J = 2.9 Hz bd 
J , = 0.8 Hz cd 
P a r t i a l analysis of the corresponding s i x protons ( e - j ) of the 
dihydro d e r i v a t i v e revealed the f o l l o w i n g data. 
6 g and 6 f = 1.85 ppm ( m u l t i p l e t ^ protons) 
6 » 6. , 6, = 3.85 ppm ( m u l t i p l e t 3 protons) g h i ' 
6^  = 6.15 ppm (doublet, J = 4 Hz) 
182. 
The high values of the coupling constants J , J , and J,, i n the 
ac ab bd 
1:1 adduct correspond to couplings between v i c i n a l protons, possible 
assignments being (68) and (69). 
a a i 
•0 'c c \ ( K d 
(68) (69) 
(68) was r u l e d out by the r e l a t i v e l y low chemical s h i f t of H (4.30 ppm) 
and comparison w i t h chemical s h i f t s i n compound (70). 
(70) 
This r e s u l t e d i n the assignments (71) and (72). 
e,f 
h , i 
(71) (72) 
Reference to the spectrum of trimethylene oxide (73), and consideration of 
b = 2 . 7 2 ppm 
6 2 = 4.73 ppm 
(73) 
the e f f e c t s of phenyl s u b s t i t u t i o n and f u s i o n to the furan r i n g system 
increasing the chemical s h i f t s of the t e r t i a r y protons H , H etc. , 
£1 C 
183. 




Equivalent n.m.r. assignments have been made f o r the 1:1 adducts of 
264,269 benzophenone and s u b s t i t u t e d furans. 




( i i ) 2:1 Adducts 
The n.m.r. spectra of benzophenone-furan 2:1 adduct (65) and 
the 'symmetrical' 2:1 adduct o r i g i n a l l y assigned the s t r u c t u r e (64) showed 
the f o l l o w i n g 'furan proton' s i g n a l s : 
2:1 adduct (65) 
6 = 5.92 ppm (1 proton, doublet, J = 4 Hz) 
6 = 5.31 ppm (1 proton, doublet,J = 4 Hz) 
6 = 4.98 ppm (1 proton, doublet,J = 4 Hz) 
6 = 4.27 ppm (1 proton, doublet,J = 4 Hz) 
0 
184. 
Symmetrical 2:1 adduct 
6 = 5.94 ppm (2 protons, doublet,J = 4 Hz) 
6 = 3.70 ppm (2 protons, doublet,J = 4 Hz) 







assignment of the s t r u c t u r e s (64) and (65). Reduction of the 
'symmetrical' 2:1 adduct w i t h LiAlH^ i n THF-dioxane gave a d i o l , 




OH HO  u OH 
(78) 
acid-HCl yieldedl,1,4,4-tetraphenylbutadiene. 
Two 2:1 adducts obtained from 2-methylfuran were formulated as 5-
methyl d e r i v a t i v e s of (64) and (65) on the basis of n.m.r. analysis and 
265 
d i o l formation. A s i n g l e symmetrical 2:1 adduct (79) obtained from 
benzophenone and 2,5-dimethylfuran was found to be r e a d i l y isomerizable 
to another isomer on treatment w i t h methanolic a c e t i c a c i d at room 
temperature. The i s o m e r i z a t i o n was thought to be a syn to a n t i 
185. 
i s o m e r i z a t l o n . The rearrangement product was designated the a n t i isomer 
265 
on account of i t s sraalkr d i p o l e moment. A d d i t i o n a l evidence o r i g i n a l l y 
c i t e d f o r the assignment of the 'symmetrical' 2:1 adduct as (64) was the 
good agreement between i t s observed d i p o l e moment and group moment 
c a l c u l a t i o n s based on THF and compound (76). 
265 266 Subsequently on the basis of data given by Ogata, L e i t i c h 
assigned the s t r u c t u r e (66) to the 'symmetrical' 2:1 adduct. L e i t i c h 
pointed out t h a t the n.m.r. spectrum obtained f o r t h i s adduct could only 
be expected i f the coupling between the two equivalent protons at the 
3 and 4' p o s i t i o n s of the THF r i n g were very small. Consideration of the 
dependence of v i c i n a l coupling constants on d i h e d r a l angle i n d i c a t e d t h a t 
i n (64) couplings of 7-8 Hz would be expected,whereas the s t r u c t u r e ( 6 6 ) , 
where the di h e d r a l angle between the two protons i s close to 90°, was 
consistent w i t h the observed very small coupling. Dreiding models of 
(64) e x h i b i t e d p r o h i b i t i v e non-bonding i n t e r a c t i o n s even w i t h d i s t o r t i o n 
of the assembly, whereas (66) was free of any s t r a i n . L e i t i c h also 
showed t h a t d i p o l e moment c a l c u l a t i o n s on (66) equally w e l l f i t t e d the 
265 
observed d i p o l e moment of the adduct. L e i t i c h proposed a s t r u c t u r e 
(80) f o r the compound produced on m i l d a c i d i c treatment of the benzophenone-
2,5-dimethylfuran 2:1 adduct (79). 
186. 
Evanega and Whipple, on the basis of analysis of an AA'XX' spin 
system f o r the 'symmetrical' furan 2:1 adduct,also independently deduced 
t h a t the s t r u c t u r e was (66) and confirmed a t r a n s - a n t i s t r u c t u r e f o r the 
267 
unsymmetrical adduct (65). They proposed acid catalysed decomposition 
of adduct (79) to proceed v i a a dicarbonyl carbonium i on g i v i n g the 
t r i c y c l i c product of s t r u c t u r e (80) ( r e a c t i o n scheme 4.6). 
Ph Ph Ph Ph 
CH CH J CH-C00H OH...n CH Ph Ph CH„0H 
Ph CH Ph CH 
(79) I (4.6) 
0_ Ph Ph H_C 
p-pi CH Ph 
H H H H (80) i 
Ph OH Ph OH 
Ph CH Ph CH 
Such rearrangements f o r the corresponding furan or 2-methylfuran adducts 
would be less l i k e l y since intermediate aldehydes would be formed and 
heraiacetal formation might be favoured w i t h solvents employed. 
Evanega and Whipple also considered the good agreement between 
265 
experimental and c a l c u l a t e d dipole moments, c i t e d by Ogata as evidence 
f o r s t r u c t u r e ( 6 4 ) , to be f o r t u i t o u s . 
187. 
268 Toki and S a k u r a i on the b a s i s of X-ray a n a l y s i s showed t h a t , for 
c r y s t a l s of 'symmetrical' benzophenone-furan 2:1 adduct, the molecule was 
of the a n t i - c o n f i g u r a t i o n ( 6 6 ) . U l t r a v i o l e t a bsorption spectrum evidence 
pointed to no i n t e r a c t i o n between non-bonded phenyl groups. Such i n t e r -
a c t i o n should lead to bathochromic s h i f t s of absorptions i n the 260 nm 
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region and higher e x t i n c t i o n c o e f f i c i e n t s , and was not observed, being 
taken as f u r t h e r evidence for the a n t i - c o n f i g u r a t i o n ( 6 6 ) . The high 
f i e l d chemical s h i f t of the 3 and 4' THF protons, which l i e above a 
phenyl group i n a n t i - c o n f i g u r a t i o n (66),were c i t e d as f u r t h e r evidence 
for such a s t r u c t u r e . 
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Evanega and Whipple have observed that adduct (66) i s thermally 
un s t a b l e ; sublimation (or treatment w i t h t r i f l u o r o a c e t i c a c i d at room 
temperature for 10 minutes) gave l , l , 4 , 4 - t e t r a p h e n y l b u t a - l , 3 - d i e n e . 
( c ) Mechanism 
Formation of the benzophenone-furan 1:1 adducts has been r e a d i l y 
e x p lained i n terms of a t t a c k by benzophenone t r i p l e t on the most l a b i l e 
double bond of the furan system,giving the most s t a b l e b i r a d i c a l ( 8 1 ) , 
which then closes g i v i n g the 1:1 adduct (63) as i n eq.4.7. 265,269 
Ph Ph 
* ( t r i p l e t ) 
(81) 
Ph 
• J Ph 








Attack of a second benzophenone t r i p l e t on the o l e f i n i c bond of ( 6 3 ) , 
from the less hindered side, gives (65) and (66). However, formation of 
a preponderance of (66) i s not p r e d i c t a b l e on the basis of s t a b i l i t y of 
265 
intermediate b i r a d i c a l s . I t was o r i g i n a l l y thought t h a t (64) could a r i s 
v i a an o r i e n t a t e d a l l y l i c b i r a d i c a l (82) produced v i a r e a c t i o n of 
Ph Ph Ph Ph 
(82) 
b i r a d i c a l (81) w i t h ground s t a t e benzophenone or d i r e c t l y from 1:1 adduct 
(63). Bond breaking of (63) w i t h t r i p l e t benzophenone p a r t i a l l y y i e l d i n g 
b i r a d i c a l (81) was expected from observations t h a t i r r a d i a t i o n of (63) 
i n acetone or benzene s o l u t i o n s of acetophenone gave benzophenone-furan 
265 
2:1 adducts i n low y i e l d . 
Results of Schroeter on the photocycloaddition of carbonyl 
compounds to enol ethers have shown t h a t the d i r e c t i o n of c y c l o a d d i t i o n 
cannot be p r e d i c t e d on the basis of intermediate b i r a d i c a l s t a b i l i t y i n 
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these systems. ' Schroeter suggests t h a t a combination of f a c t o r s 
such as r a d i c a l s t a b i l i t y , p o l a r i z a t i o n of reactants and lack o f 
s e l e c t i v i t y due to enhanced r e a c t i v i t y of the o l e f i n probably c o n t r o l 
the o r i e n t a t i o n of these l a t t e r a d d i t i o n s , ( c f . photocycloadditions w i t h 
TMA as diene). 
189. 
(d) A p p l i c a b i l i t y of Furans as Dienes i n Step-Growth Photopoly-
merizations I n v o l v i n g Oxetane Formation 
The high y i e l d s , under the conditions used, and apparent lack 
of side-reactions make the benzophenone-furan phot o c y c l o a d d i t i o n r e a c t i o n 
a possible model system f o r extension to step-growth photopolymerization 
u t i l i z i n g benzophenone-type aromatic diketones. Polymers c o n t a i n i n g 
isomeric s t r u c t u r a l u n i t s i n d i c a t e d by the s t r u c t u r e (83) are to be 
Ar Ar Ar 
Ar ' • Ar 1 
( ) Ar' 
Ar 
(83) 
expected from such aromatic diketones and furan. 








The photoaddition may in v o l v e the other double bond of fur a n , thereby 
e f f e c t i n g c r o s s l i n k i n g of the polymer. 
DISCUSSION 
190. 
4.12 D i r e c t I r r a d i a t i o n of Equimolar Qua n t i t i e s of Diketone and Furan 
i n Benzene S o l u t i o n 
I r r a d i a t i o n of a degassed equimolar benzene s o l u t i o n of m-dibenzoyl-
benzene and furan (0.199 M i n each monomer) i n a sealed Pyrex tube at 
350 run gave, a f t e r removal of s o l v e n t , a pale yellow oligomeric m a t e r i a l , 
molecular weight 1250. 
An i n f r a r e d spectrum of the oligomer, Appendix C, showed a strong 
r e s i d u a l C=0 s t r e t c h at ca.1665 cm ^. A broad absorption at ca. 1050-
900 cm ^ was consistent w i t h possible c y c l o a d d i t i o n g i v i n g oxetane 
r i n g s i n an oligomer chain, and the i n f r a r e d spectrum ge n e r a l l y corresponded 
c l o s e l y to t h a t of a characterized polymer, molecular weight 1390, 
prepared by the two stage route from m-dibenzoylbenzene and furan 
described below. 
Amongst the rigorous requirements (Chapter 1, s e c t i o n 1.4) f o r a 
successful step-growth polymerization i s the necessity f o r an exact 
equivalence of f u n c t i o n a l groups i n r e a c t i o n s of the type ( 4 . 9 ) . 
A-A + B-B -» Polymer (4.9) 
The extremely high v o l a t i l i t y of furan (b.p. 32° @ 760 mm Hg) and 
consequent d i f f i c u l t i e s i n handling and q u a n t i t a t i v e manipulation of the 
diene could r e a d i l y be one f a c t o r accounting f o r the production of only 
oligomeric m a t e r i a l on d i r e c t i r r a d i a t i o n of the m-dibenzoylbenzene-
furan mixture i n benzene. 
191. 
4.13 An A l t e r n a t i v e Route to Furan-Diketone Polymers Containing Oxetane 
Units i n the Main Chain 
A ready method f o r o b t a i n i n g f u n c t i o n a l group equivalence i n a 
polymerization of the A-A + B-B type i s by the d i r e c t handling and 
weighing of s o l i d and e a s i l y manipulated m a t e r i a l s . Since benzophenone 
y i e l d e d a 1:1 adduct (63) on i r r a d i a t i o n i n furan ( s e c t i o n 4.11) and the 
C=C double bond of t h i s adduct was su s c e p t i b l e to f u r t h e r a d d i t i o n of 
benzophenone g i v i n g 2:1 adducts, an a l t e r n a t i v e route to furan-diketone 
polymers was i n v e s t i g a t e d i n v o l v i n g i n i t i a l i r r a d i a t i o n of diketone i n a 
large excess of furan w i t h the aim of producing a f u r a n — d i k e t o n e 2:1 
adduct (equation 4.10) t h a t could be r e a d i l y manipulated. 
Ar Ar 
Ar' no (4.10) 
(84) 
I r r a d i a t i o n of the 2:1 adduct (84) w i t h an equimolar q u a n t i t y of 
diketone would then be a possible polymer forming r e a c t i o n . 
4.14 Preparation of Furan-Diketone 2:1 Adducts 
I r r a d i a t i o n at 350 nm of the aromatic diketones (40), ( 4 1 ) , (.44)-
(50), i n a large excess of furan gave, a f t e r removal of excess f u r a n , the 
photoadducts d e t a i l e d i n Table 4.3, where molecular weights of photo-
adducts together w i t h r e quired molecular weights f o r formation of f u r a n -
diketone 2:1 adducts (84) are also recorded. 
192. 
TABLE 4.3 
I r r a d i a t i o n of Aromatic Diketones i n Excess Furan 
i 
Diketone Furan adduct Abbreviation Molecular Weight 
Molecular weight 
c a l c u l a t e d f o r 
2:1 adducts (84) 
(40) DiFM 421 422.5 
(41) DiFP 420 422.5 
(44) D i F l 502 512.6 
(45) 'DiF2' 567 526.6 
(46) DiF3 530 540.7 
(47) DiF4 544 554.7 
(48) DiF5 557 568.7 
(49) DiF6 589 582.7 
(50) DiFlO 623 638.8 
Note a) Measured by the i s o p i e s t i c method i n benzene s o l u t i o n . 
b) Prepared i n mixed benzene-furan solvent owing to low 
s o l u b i l i t y o f diketone (45) i n furan. 
With the exception of ' ( ^ 2 ' (which was prepared i n a mixed benzene-
furan s o l v e n t ) , and w i t h i n the l i m i t s of accuracy of the molecular weight 
determination (see Appendix A), measured molecular weights were i n good 
agreement w i t h those c a l c u l a t e d f o r furan-diketone 2:1 adducts. 
As a model the reported formation of the benzophenone-furan 1:1 
adduct (63) was also repeated here, by i r r a d i a t i o n of benzophenone i n 
excess furan . 
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4.15 Spectroscopic C h a r a c t e r i z a t i o n of Furan-Diketone 2:1 Adducts 
(a) I n f r a r e d Spectra 
I n f r a r e d spectra of the various adducts are recorded i n Appendix 
C. 
The i n f r a r e d spectrum of benzophenone-furan 1:1 adduct (63) showed 
no r e s i d u a l C=0 s t r e t c h at 1665 cm 1. A strong band i n the 980 cm - 1 
region has been reported as c h a r a c t e r i s t i c of oxetanes formed by photo-
274 
a d d i t i o n of various carbonyl compounds to furan. Fusion of oxetane 
ri n g s to other rings has also been reported t o depress the c h a r a c t e r i s t i c 
-1 259 275 
absorption frequency of the oxetane r i n g to below 900 cm . ' 
Furan i t s e l f shows a r i n g breathing v i b r a t i o n at 995 cm 1 and various 
-1 259 
C-H v i b r a t i o n s between 1268 and 660 cm . The r i n g frequency at ca. 
1075 cm"1 i n t e t r a h y d r o f u r a n can s h i f t down to ca.960 cm 1 when the 
259 275 
r i n g i s fused to a r i g i d system. ' Thus i n d i v i d u a l assignments of 
bands observed i n the 1200-900 cm 1 region f o r the furan adducts carry 
l i t t l e c o n v i c t i o n when a l l the p o s s i b l e v i b r a t i o n s and complexities 
introduced by r i n g f u s i o n are considered. 
For the 1:1 adduct (63), w i t h i n the region 1200-900 cm"1, strong 
bands were observed at 1130, 1045, 1020,1004 (m), 990, 963, 930 and 902 cm" 
-1 273 A band at ca.1492 cm has been reported and was observed here. 
However,generally there i s a s p a r s i t y of reported i n f r a r e d data f o r 
benzophenone-furan adducts. 
The spectra of the furan-diketone adducts possessed s i m i l a r features 
to those observed f o r (63). The spectra showed no r e s i d u a l C=0 s t r e t c h 
(1665-1650 cm" 1). I n d i v i d u a l absorptions i n the 1200-900 cm - 1 region 
were t y p i c a l l y observed at ca.1135,1050, 1020, 990, 970 and 930 cm"1 
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comparing favourably w i t h absorptions i n the spectrum of (63). Any v. weak 
broad absorptions centred on ca.3450 cm ^ were ascribable t o water i n the 
KBr used f o r preparing KBr discs ( v e r i f i e d by running of KBr blanks). 
The peak at ca.1495 cm \ and the general aromatic and a l i p h a t i c features 
expected, e s p e c i a l l y f o r addu.cts from 4,4'-dibenzoyldiphenylalkanes, were 
present. 
An absorption at 1613 cm ^ has been recorded as c h a r a c t e r i s t i c of 
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the 2,3-dihydrofuran s t r u c t u r e of the benzophenone-furan adduct (63). 
Such an absorption i s also present i n the spectra of the furan-diketone 
2:1 adducts (84). However, i t s d i a g n o s t i c value i s complicated by the 
aromatic absorptions (as i n the diketones) i n the same regi o n , and 
absorptions around 1600 cm * were, i n f a c t , observed w i t h most 
substances examined by i n f r a r e d spectroscopy. Spectra of p o l y ( v i n y l -
273 
benzophenone) and i t s furan photoadduct, recorded i n the l i t e r a t u r e , 
both showed an absorption around 1600 cm ^. 
(b) N.m.r. Spectra 
The n.m.r. spectrum of diFM showed the absorptions l i s t e d i n 
Table 4.4, where corresponding absorptions are also given f o r the 
bensophenone-furan 1:1 adduct (63). 
TABLE 4.4 
N.m.r. data f o r DiFM 3 and (63) 
DiFM ( 6 3 ) 2 6 4 
6 (ppm) No.of protons Proton 6 No. of protons 
7.7-7 14 Aromatic _ _ 
6.3 2 d 6.31 1 
6.2 2 c 6.20 1 
4.8 2 b 4.79 1 
4.3 2 a 4.30 1 
Note a) Recorded at 60 MHz i n CCl^ s o l u t i o n , w i t h TMS as 
i n t e r n a l reference. 
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The favourable comparison between chemical s h i f t s of diFM and (63) i s 
i n d i c a t i v e o f the assignment (85) f o r diFM. 
(85) 
DiFP y i e l d e d an i d e n t i c a l n.m.r. spectrum to diFM apart from a 
narrower (67.5-7.1) aromatic absorption. Recorded n.m.r. spectra of the 
2:1 adducts from 4,4 1-dibenzoyldiphenylalkanes were s i m i l a r but w i t h 
a d d i t i o n a l signals from the methylene chain protons. As examples, n.m.r. 
data f o r d i F l and diF6 i s given i n Table 4.5. 
TABLE 4.5 
N.m.r. data f o r D i F l and DiF6 & 
D i F l DiF6 
6 No . of Protons 6 No. of Protons 
7.6-6.9 18 7.45-6.95 18 
6.31 2 " 6.32 2 " 
6.20 2 'furan' 6.20 2 'furan' 
4.75 2 protons 4.8 2 protons 
4.25 2 . 4.3 2 






Note a) Recorded at 60 MHz i n CC1, 
r 4 reference 
s o l u t i o n w i t h TMS as i n t e r n a l 
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The 'furan' proton absorption?; were best resolved i n the spectra of 
diFM and d i F l . The absorption at 66.2 (H^) appeared as a doublet, J = 
ca. 4Hz, w i t h f u r t h e r s l i g h t s p l i t t i n g o f each limb. This i s con s i s t e n t 
w i t h the coupling constants J =4.5 Hz, J , = 0.8 Hz and J, = 0, r ° . ac cd be ' 
recorded by Gagnaire f o r (63). The absorption at 64.8 (H^) appeared 
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e s s e n t i a l l y as a t r i p l e t (J ca.3 Hz) consistent w i t h Gagnaire's values 
of J . = 3.1 Hz, J. . = 2.9 Hz, J u = 0 f o r (63). The 66.31 (H.) and ab bd be d 
64.25 (H ) signals were complex and po o r l y resolved although the o v e r a l l 
Si 
broadness of the absorptions was consistent w i t h Gagnaire's coupling 
constants f o r (63). 
(c) U l t r a v i o l e t Spectra 
Oxetanes are reported to be gene r a l l y transparent i n the v i s i b l e 
and u l t r a v i o l e t regions, except where s u b s t i t u e n t s w i t h chromophoric 
256 
groups are present. The absorption spectrum of trimethylene oxide shows 
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a maxima at 183 ran, w i t h l i t t l e absorption above 220 nm. 
An u l t r a v i o l e t absorption spectrum of diFM i n ethanol showed the 
adduct to be transparent above 280 nm. The lowest energy absorption was 
an absorption X 259 nm, e 770 ( i n 95% e t h a n o l ) . r max 
(d) Mass spectra 
Mass spectra of the 2:1 adducts proved extremely d i f f i c u l t to 
ob t a i n . Many attempts were made w i t h the various adducts but a 
combination of low v o l a t i l i t y of the parent molecule and poor thermal 
s t a b i l i t y necessitated very precise operating conditions to o b t a i n a 
parent peak. S a t i s f a c t o r y mass spectra were eventually obtained on diFM, 
diFP and d i F l by s u i t a b l e adjustment o f the source and i n l e t system 
temperatures. These three mass spectra are tabulated i n Appendix B, and 
197. 
showed parent peaks at m/e 422, 422 and 512 r e s p e c t i v e l y . Parent peak 
i n t e n s i t i e s were ca. 20-30% those of the base peaks. Peaks were observed 
corresponding to loss of one and two furan molecules, the l a t t e r g i v i n g 
r i s e to f a i r l y strong diketone molecular ions, the breakdown p a t t e r n 
of the diketones also being c l e a r l y apparent. 
Strong peaks at m/e 68 corresponded to furan and the furan breakdown 
Attempts to o b t a i n mass spectra of other 2:1 adducts g e n e r a l l y gave 
spectra c l e a r l y c h a r a c t e r i s t i c of breakdown to furan and p a r t i a l breakdown 
patterns of diketones. 
The mass s p e c t r a l fragmentation pathway of these adducts resembles 
t h a t of the simplest oxetane i n th a t the major route involves cleavage 
to ketone and o l e f i n . I t i s worth n o t i n g t h a t trimethylene oxide's mass 
sp e c t r a l fragmentation i s b a s i c a l l y s i m i l a r to t h a t observed i n p y r o l y s i s 
256 277 and p h o t o l y s i s , w i t h i n i t i a l cleavage to ethylene and formaldehyde. 
4.16 General Discussion on Furan-Diketone 2:1 Adducts 
Adducts obtained d i r e c t l y by removal of furan from the i r r a d i a t i o n 
m ixture were generally white s o l i d s . Attempted determination of m e l t i n g 
points i n c a p i l l a r y tubes revealed t h a t , on heating, the adducts tended 
to slowly change to viscous materials,sometimes over temperature ranges of 
t h i r t y degrees or more, w i t h or wit h o u t m e l t i n g . Temperatures at which 
adducts f i r s t showed signs of change were diFM, 57°C; diFP, 154°C; 
d i F l , 66°C; 1diF2', 110°C; diF3, 45°C; diF4, 102°C; diF5, 19°C; diF6, 
40°C and diF10,<15°C. 
p a t t e r n was also apparent (m/e 39, \ H , m/e 29,HC=0 +). Bas 
v a r i e d from m/e 68 i n d i F l and diFP to m/e 105 (CHLCO ) i n diFM 
e peaks 
198. 
I n contrast to adduct (63) where the compound was s u c c e s s f u l l y 
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r e c r y s t a l l i z e d , no s a t i s f a c t o r y solvent or solvent mixture was found 
f o r r e c r y s t a l l i z a t i o n of the furan-diketone 2:1 adducts. Attempted 
r e c r y s t a l l i z a t i o n from common organic solvents o f t e n gave tacky m a t e r i a l s 
s e t t i n g to s o l i d s . Where white s o l i d s could be obtained on 
r e c r y s t a l l i z a t i o n ( f o r example w i t h d i F l i n methanol/water) there was 
no improvement i n the m e l t i n g c h a r a c t e r i s t i c s of the m a t e r i a l . Attempted 
column chromatography on s i l i c a gel or alumina w i t h various eluents again 
gave no apparent improvement i n p u r i t y . Chromatography of diFM on 
s i l i c a g e l , e l u t i n g w i t h chloroform, appeared to cause decomposition of 
the adduct, oxetane absorptions not being detected i n the i n f r a r e d 
spectra of samples obtained from the column. 
Thin layer chromatography of the adducts obtained d i r e c t l y from the 
i r r a d i a t i o n mixture i n d i c a t e d a s i n g l e clean component; t h i s (together 
w i t h the spectroscopic evidence and molecular weight measurements) 
in d i c a t e s the e f f i c i e n c y o f formation of the adducts. Yields were 
generally q u a n t i t a t i v e f o r formation of 2:1 adducts. 
Adducts tended to decompose on standing at room temperature. Thin 
layer chromatography of adducts stored f o r several months showed a broad 
smear rather than a s i n g l e sharp component. I n f r a r e d spectra of diFP and diF3 
stored f o r several months showed a weak absorption at ca. 1660 cm ^ 
suggesting regeneration of C=0, together w i t h a weak absorption at 1730 
cm Unlike (63), samples of 2:1 adducts tended to smell s t r o n g l y of 
furan a f t e r storage i n closed vessels f o r a few hours, even a f t e r p r i o r 
pumping of adduct samples f o r several days on a vacuum l i n e . A sample 
of diFM he l d at 80°C overnight showed a weight loss of ca.5%, as determined 
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on thermogravimetric equipment. Thermogravimetric analysis at higher 
temperatures could not be performed since adducts tended to bubble out 
of the c r u c i b l e suspended on the microbalance. 
Further discussion on the thermal s t a b i l i t y and p y r o l y s i s of 2:1 
adducts may be found i n section 4.24, together w i t h r e l a t e d discussion 
on furan-diketone polymers. 
The molecular weight of 'diF2' (567) was s i g n i f i c a n t l y top high 
f o r i t to be a simple furan-diketone 2:1 adduct. Since the i n f r a r e d 
spectrum of the adduct showed no r e s i d u a l C=0 s t r e t c h and was v i r t u a l l y 
i d e n t i c a l to the spectra of adducts characterized as 2:1 adducts, i t was 
assumed t h a t 'diF2' was e s s e n t i a l l y a 2:1 adduct w i t h the molecular 
weight r a i s e d s l i g h t l y by a p r o p o r t i o n of furan-diketone 3:2 adduct 
formed by attack by diketone C=0 on the C=C double bond of 2:1 adduct, 
followed by f u r t h e r c y c l o a d d i t i o n of the r e s i d u a l carbonyl group to 
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furan 3:2 adduct. 
The small p r o p o r t i o n of t h i s m a t e r i a l was not detectable by 
spectroscopic examination. Assuming a mixture of 2:1 and 3:2 adducts, 
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c a l c u l a t i o n s based on the molecular weight of 567 i n d i c a t e d ca.15% 
by weight of 3:2 adduct. 
'DiF2' preparation necessitated one of the lowest excesses of furan 
and a large q u a n t i t y of benzene cosolvent. On account of the poor 
s o l u b i l i t y of l,2-(4,4'-dibenzoyldiphenyl)ethane i n furan i t was not 
possible to increase the r e l a t i v e excess of furan w i t h the aim of producing 
purer 2:1 adduct. 
I r r a d i a t i o n of a 0.0282M s o l u t i o n of 4,4'-dibenzoyldiphenylmethane 
i n furan r e s u l t e d i n formation of 2:1 adduct, d i F l , as determined by mass 
spectroscopy, and molecular weight measurement. However i r r a d i a t i o n of a 
0.133M s o l u t i o n of the same diketone i n furan r e s u l t e d i n the formation 
of m a t e r i a l of molecular weight 617 (512 required f o r 2:1 adduct). The 
i n f r a r e d spectrum of t h i s higher molecular weight m a t e r i a l showed no 
C=0 s t r e t c h and appeared v i r t u a l l y i d e n t i c a l to t h a t of the characterized 
2:1 adduct. This was taken as f u r t h e r evidence t h a t decreasing the 
excess of furan allowed formation of adducts higher than 2:1 adducts, 
w h i l s t the excess furan ensured complete consumption of carbonyl groups. 
However, on i r r a d i a t i o n o f a h i g h l y concentrated (0.873M), saturated 
s o l u t i o n of m-dibenzoylbenzene i n fu r a n , a product p r e c i p i t a t e d which 
showed r e s i d u a l carbonyl groups (as determined by i n f r a r e d spectroscopy). 
Removal of m a t e r i a l from s o l u t i o n , as a s o l u b i l i t y e f f e c t , presumably 
precluded complete consumption of carbonyl groups. 
4,4'-Dibenzoyldiphenyl was too i n s o l u b l e i n furan or s u i t a b l e f u r a n -
cosolvent mixtures to attempt p r e p a r a t i o n of a 2:1 adduct. 
I r r a d i a t i o n of 4,4'-dibenzoyldiphenyl ether i n furan r e s u l t e d i n 
p r e c i p i t a t i o n of an orange-yellow s o l i d , molecular weight 620 (514 
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r e q u i r e d f o r 2:1 adduct). The i n f r a r e d spectrum of t h i s product (Appendix 
C) d i f f e r e d fundamentally from c h a r a c t e r i z e d 2:1 adducts, p a r t i c u l a r l y 
w i t h a strong absorption at ca. 1735 cm ^. The product was not 
i n v e s t i g a t e d f u r t h e r . 
4.17 Preparation o f Polymers from Furan-Diketone 2:1 Adducts and Diketones 
I r r a d i a t i o n at 350 nm of equimolar q u a n t i t i e s of aromatic diketone 
and furan-diketone 2:1 adduct i n benzene s o l u t i o n gave low t o medium 
molecular weight polymers. Since the 2:1 adducts were g e n e r a l l y obtained 
i n q u a n t i t a t i v e y i e l d by a clean r e a c t i o n , and attempts at p u r i f i c a t i o n , 
as described above, r e s u l t e d i n no apparent improvement i n p u r i t y , they 
were used as prepared. As w i t h p r e p a r a t i o n of polymers from diketones 
and t e t r a m e t h y l a l l e n e , f a c t o r s governing the choice of monomer 
concentrations included the a v a i l a b i l i t y o f monomers and t h e i r s o l u b i l i t y 
i n benzene (diketones g e n e r a l l y being the l e a s t s o l u b l e ) . Compensation 
was made i n q u a n t i t i e s of reactants f o r the suspected presence of some 
3:2 adduct i n 'diF2'. 
Polymers were obtained from diketones and 2:1 adducts as enumerated 
below. 
Diketone 2:1 Adduct Polymer Diketone 2:1 Adduct Polymer 
(40) DiFM PolyFM (47) DiF4 PolyF4 
(41) DiFP PolyFP (48) DiF5 PolyF5 
(44) D i F l PolyFl (49) DiF6 PolyF6 
(45) 'DiF2' PolyF2 (50) DiFlO PolyFlO 
(46) DiF3 PolyF3 
T o t a l r e a c t i o n products were q u a n t i t a t i v e l y recovered by freeze 
d r y i n g from benzene s o l u t i o n , and a f t e r examination they were d i s s o l v e d and 
p r e c i p i t a t e d from benzene i n t o 40-60° petroleum ether. Polymers were 
w h i t e or pale yellow s o l i d s . 
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4.18 S o l u b i l i t y of Furan-Diketone Polymers 
Solutions of polyFM, polyFP and polyFlO were completely clear at 
the end of the i r r a d i a t i o n p e r i o d , and the polymers were soluble i n such 
solvents as chloroform, dichloromethane and benzene. Solutions of 
polyF2, polyF5 and polyF6 showed t u r b i d i t y at the end of the i r r a d i a t i o n 
p e r i o d , w h i l s t polyF3 and polyF4 s o l u t i o n s showed s t i l l greater cloudiness. 
PolyFl was formed as a f a i r l y heavy suspension on i r r a d i a t i o n of a 
0.0175M s o l u t i o n ( i n each monomer) f o r 200 hours. I r r a d i a t i o n of a more 
d i l u t e (0.00975M) s o l u t i o n f o r a shorter i r r a d i a t i o n period (90 hours) 
r e s u l t e d i n only a trace of t u r b i d i t y . 
4.19 Molecular Weights and M e l t i n g C h a r a c t e r i s t i c s of Furan-Diketone 
Polymers 
Molecular weights of polymers, as measured by the i s o p i e s t i c method 
i n benzene s o l u t i o n , and corresponding D.P.'s(based on a repeating u n i t 
comprising the molecular formulae of one diketone molecule and one furan 
molecule) are recorded f o r crude and p r e c i p i t a t e d polymers i n Table 4.6. 
Temperatures at which the f i r s t apparent change occurred on heating 
p r e c i p i t a t e d polymer samples i n m e l t i n g p o i n t c a p i l l a r i e s are also 
recorded. 
Consistent molecular weights could be obtained f o r p o l y F l , polyF2, 
polyF5 and polyF6 even though the benzene s o l u t i o n s of these polymers 
showed traces of t u r b i d i t y a f t e r the i r r a d i a t i o n period. However, 
molecular weights of polyF3 and polyF4 may only be t r e a t e d as rough 
estimates owing to d i s t i n c t cloudiness i n s o l u t i o n s used f o r molecular 
weight determination. Various other solvents i n c l u d i n g ethanol, 
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TABLE 4.6 
Molecular Weights, Degrees of Polymerization and M e l t i n g 
C h a r a c t e r i s t i c s of Furan-Diketone Polymers 
Polymer 3 
Molecular Weight (D.P.) Temperature at 




Crude P r e c i p i t a t e d 
PolyFM 4800 (13.5) 8000 (22.6) 209 6 
PolyFP 1800 (5.1) 2200 (6.2) 188 6 
PolyFl 5400 C (12.1) 4300 (9.7) 204 f 
PolyF2 3400 (7.4) 6100 (13.3) 195 6 
PolyF3 6000 (12.7) 6500 (13.8) 192 f 
PolyF4 7600 (15.6) 9000 (18.5) 190 f 
PolyF5 3700 (7.4) 3500 (7.0) 176 f 
PolyF6 4100 (8.0) 7300 (14.2) 180 6 




(5.1) 8600 (15.1) 152 f 
Notes a) Polymers prepared as recorded i n Table 4.14 
b) Determined f o r p r e c i p i t a t e d polymers i n m e l t i n g p o i n t 
c a p i l l a r i e s 
c) From 0.00975M s o l u t i o n - i r r a d i a t i o n f o r 90 hours 
d) A f t e r r e i r r a d i a t i o n 
e) Sample darkened and became tacky 
f ) Sample became tacky. 
dichloromethane, chloroform, carbon t e t r a c h l o r i d e , acetone, e t h y l 
acetate, N-methyl-2-pyrrolidone, t r i c h l o r o e t h y l e n e , t e t r a c h l o r o e t h y l e n e , 
DMF and dioxane proved no more s a t s i f a c t o r y . 
Maximum observed D.P.'s of the i n d i v i d u a l polymers ranged between ca. 
6 and 23, the highest polymer being polyFM. The molecular weight of 
8000 (4800 f o r crude polymer) may be contrasted w i t h the low molecular 
weight of 1250 obtained by d i r e c t i r r a d i a t i o n of a benzene s o l u t i o n of 
204. 
m-dibenzoylbenzene and fu r a n , although the l a t t e r s o l u t i o n was the more 
concentrated i n monomers, demonstrating the greater e f f i c i e n c y of the 
technique u t i l i z i n g a two stage synthesis. 
Unlike the polymers from t e t r a m e t h y l a l l e n e , the polymers from furan 
as diene u s u a l l y became rubbery and foamy on heating i n m e l t i n g p o i n t 
c a p i l l a r i e s . Only very short and broad f i b r e s could be drawn from the 
melt. 'Melting p o i n t s ' of polymers derived from 4,4'-dibenzoyldiphenyl-
alkane diketones tended t o decrease w i t h i n c r e a s i n g methylene chain 
l e n g t h . 
The relationship between 'melting p o i n t ' and molecular weight f o r crude 
polyFM i s shown i n Figure 4.6. Temperature of onset of m e l t i n g i n i t i a l l y 
increased r a p i d l y w i t h i n c r e a s i n g molecular weight and reached a plateau 
value at a molecular weight of ca.4000 (D.P. ca. 11.3), ( c f . polyTMAl). 
4.20 Further C h a r a c t e r i z a t i o n of Furan-Diketone Polymers 
With the possible exception of polyF4, elemental analyses were i n 
s a t i s f a c t o r y agreement w i t h values required f o r photoaddition between 
2:1 adduct and diketone. 
(a) Model Compound Study 
Characterization of polymers was aided by comparison w i t h the 
model systems: benzophenone-furan 1:1 adduct (63), furan-diketone 2:1 
adducts (84) and the 2:1 adducts (65) and (66) formed between benzophenone 
and furan. The photoreaction between benzophenone and furan i n benzene 
267 
s o l u t i o n was repeated. Two adducts were i s o l a t e d from the crude 
r e a c t i o n mixture, of m e l t i n g points 191-192.5°C and 208-210°C compared 
to r e p o r t e d 2 6 7 m e l t i n g p o i n t s of 192-193°C f o r (65) and 211-212°C f o r 
(66). An i n f r a r e d spectrum of the higher m e l t i n g adduct (appendix C) 
20 5. 
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Note a) Determined as t e m p e r a t u r e a t which poLymer samples CirsL sofLened 
on h e a t i n g i n m e l t i n g p o i n t c a p i l l a r i e s . 
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showed no C=0 s t r e t c h , and w i t h i n the 1200-900 cm r e g i o n , strong or 
medium s t r e n g t h absorptions at 1080, 1020, 990, 960, 940, 935 and 910 
cm There was a f a i r l y close resemblance between t h i s spectrum and 
those of the 1:1 adduct (63) and furan-diketone 2:1 adducts, w i t h s l i g h t 
d i f f e r e n c e s i n frequencies of bands i n the 1100-900 cm ^ region. Bands 
at 730 cm ^ and 1130 cm * i n the spectrum of the benzophenone-furan 1:1 
adduct were n o t i c e a b l y absent i n the spectrum of the higher m e l t i n g 2:1 
adduct. 
An i n f r a r e d spectrum o f the crude mixture from the i r r a d i a t i o n of 
benzophenone and furan i n benzene ( c o n t a i n i n g both (65) and (66)) was very 
s i m i l a r to the spectrum of the 2:1 adduct described above, apart from a 
s l i g h t r e s i d u a l C=0 s t r e t c h at ca. 1660 cm *. 
(b) I n f r a r e d Spectra of Polymers 
I n f r a r e d spectra of t y p i c a l samples of i n d i v i d u a l f u r a n -
diketone polymers are recorded i n Appendix C. 
With the exception of polyFP, the i n f r a r e d spectra i n d i c a t e d l i t t l e or 
no r e s i d u a l carbonyl group. Extremely broad absorptions i n the 1050-900 
cm~^ region could be observed w i t h p a r t i c u l a r peaks f r e q u e n t l y v i s i b l e at 1020 
1000, 975, 945, 925 and 900 cm - 1. The o v e r a l l merging of these 
absorptions, which are i n d i v i d u a l l y c h a r a c t e r i s t i c of the model compounds, 
to the extremely broad absorption observed i s to be expected i n 
polymers c o n t a i n i n g s t r u c t u r a l u n i t s of the type (83). 
Ar Ar 
Ar' 







A strong absorption at 1140 cm i n the spectra of the benzophenone-
furan 1:1 adduct (63) and the furan-diketone 2:1 adducts was absent i n 
the spectra of the polymers and benzophenone-furan 2:1 adducts. 
The i n f r a r e d spectra of the polymers, however, also showed a weak 
to medium s t r e n g t h , broad absorption centred at ca.3550 cm ^ and suggestive 
of the presence of OH grouping i n the polymer. Checks on KBr blanks 
showed t h a t these absorptions were not ascribable to dampness i n the KBr 
used f o r preparing discs. 
A weak absorption at 1730 cm ^ was also observed i n the i n f r a r e d 
spectra of some of the polymers, p a r t i c u l a r l y a f t e r storage of polymer 
samples f o r a few months at room temperature (see s e c t i o n 4.24). The 
1730 cm ^ absorption was p a r t i c u a r l y n o t i c e a b l e w i t h polyFP, even when 
i t s i n f r a r e d spectrum was recorded immediately a f t e r i t s p r e p a r a t i o n . 
(c) N.m.r Spectra of Polymers 
A 220 MHz spectrum of polyFM showed a complex series of 
resonances between 66.15 and A3.1 i n a d d i t i o n to aromatic absorptions 
between 67.8 and 66.8. O v e r a l l aromatic to a l i p h a t i c i n t e g r a t i o n was 
s a t i s f a c t o r y f o r photoaddition between m-dibenzoylbenzene and diFM. 
The n.m.r. spectrum i n the 66.15-3.1 region was resolved, using a 
Dupont 310 Curve Resolver, i n t o ten peaks, the resolved spectrum being 
shown i n Figure 4.7. 
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Evanega and Whipple reported y i e l d s of ca.29% and 18% f o r the 
benzophenone-furan 2:1 adducts (66) and (65) r e s p e c t i v e l y . The n.m.r. 
spectra of these adducts have already been discussed, absorptions 
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f o r (65). THF residue protons from corresponding s t r u c t u r a l u n i t s i n 
polyFM should be expected t o give r i s e to absorptions at approximately 
the same chemical s h i f t s , as shown below. 
6 ~ 5.94 (2 protons) 
6 ~ 3.70 (2 protons) 
Ph Ph 
H H 
0 H H 
Ph 
H H 
H 0 H 
Ph 
6 ~ 5.92, 5.31, 4.98 and 4.27 
(1 proton each) 
I f these s t r u c t u r a l u n i t s were i n the polymer i n the approximate 
r a t i o (ca.3:2) i n which adducts (66) and (65) were obtained, then areas 
under peaks at ~ 65.94, 5.92, 5.31, 4.98, 4.27, and 3.70 should be i n the 
approximate r a t i o 3:1:1:1:1:3 r e s p e c t i v e l y . 
I n the resolved n.m.r. spectrum, peaks are observed at ca.65.85,5.65, 
5.35, 5.15, 4.85, 4.6, 4.15, 3.9, 3.65, and 3.25, corresponding r e l a t i v e 
areas under the curves being 28, 9, 5, 7, 5, 4, 5, 1, 21 and 12 
r e s p e c t i v e l y . The peaks at 65.85, 5.35, 4.85 (or 5.15), 4.15 and 3.65 
compare favourably i n chemical s h i f t and i n t e n s i t y w i t h the values 
deduced above f o r polyFM and based on analogy w i t h the benzophenone-
furan photoaddition r e a c t i o n . 
This approach involves obvious l i m i t a t i o n s i n assumption of the same 
chemical s h i f t s f o r the s t r u c t u r a l u n i t s i n the polymer i n the r a t i o 3:2 
210. 
( y i e l d s for (65) and (66) were reported a f t e r r e c r y s t a l l i z a t i o n ) , 
l e a v e s unassigned r e s o l v e d absorptions (corresponding to ca.307<> of the 
t o t a l area under the r e s o l v e d spectrum) p a r t i c u l a r l y at 65.65 and 63.25, 
and the a c t u a l curve r e s o l u t i o n process i n v o l v e s some approximation. 
However, i t does provide an approach towards p a r t i a l i n t e r p r e t a t i o n of 
such a complex n.m.r. p a t t e r n f o r the polymer and i s good evidence for 
the presence of the p o s t u l a t e d s t r u c t u r a l u n i t s . A d d i t i o n a l s t r u c t u r a l 
u n i t s are to be expected w i t h the s i g n i f i c a n t i n d i c a t i o n , from i n f r a r e d 
spectroscopy, of the presence of OH groups i n the polymer. 
A 90 MHz n.m.r. spectrum of polyFlO showed s i m i l a r general f e a t u r e s 
to that of polyFM, with a d d i t i o n a l absorptions from methylene ch a i n protons, 
but was g e n e r a l l y too poorly r e s o l v e d f o r d e t a i l e d a n a l y s i s . Major 
absorptions could be observed at 67.5-6.9, 66.5-3.0 (with p a r t i c u l a r l y 
prominent absorptions at ca. 65.9 and 3.6) and 61.8. 
N.m.r. s p e c t r a of other polymers, obtained at 60 MHz were g e n e r a l l y 
only s u f f i c i e n t l y r e s o l v e d to see aromatic protons c l e a r l y at the low 
polymer concentrations employed. 
4.21 Growth C h a r a c t e r i s t i c s of PolyFM 
As with p o l y m e r i z a t i o n of polyTMAl, the growth of polyFM w i t h time 
was s t u d i e d by i r r a d i a t i o n at 350 nm, under i d e n t i c a l c o n d i t i o n s , of 
benzene s o l u t i o n s of m-dibenzoylbenzene and diFM (O.01746M i n each 
monomer) for v a r y i n g lengths of time. The number average molecular 
weights of the r e s u l t i n g crude polymers are p l o t t e d as a f u n c t i o n of time 
i n F i g u r e 4.8. 
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FIGURE 4 .8 
M o l e c u l a r Weight - I r r a d i a t i o n Time f o r PolyFM 
2 0 0 0 -
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o 1 2 b ' 4 b ' 6b' sb' 160 ik> ikj nk) 160 
TIME (HOURS) 
Note a) 0.0175M s o l u t i o n s o f m-dibenzoylbenzene and diFM i n benzene 
i r r a d i a t e d i n RPR-208 Reactor. 
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Reaction occurred slowly, an i r r a d i a t i o n time i n excess of 100 hours 
being n e c e s s a r y to approach a p l a t e a u molecular weight of ca.2300 under 
the c o n d i t i o n s employed. Prolonged i r r a d i a t i o n for 500 hours under the 
same co n d i t i o n s produced a crude polymer of molecular weight ca.2600. 
Reaction appeared to follow second order k i n e t i c s there being a 
l i n e a r i n c r e a s e i n molecular weight (and hence D.P.) w i t h time u n t i l the 
p l a t e a u molecular weight was approached. 
The complications inherent i n a f u l l k i n e t i c treatment of the 
r e a c t i o n are g e n e r a l l y analogous to those enumerated f o r the growth of 
polyTMAl. However, the i n i t i a l a d d i t i o n of carbonyl group to the f i r s t 
C=C double bond of furan being accomplished i n the p r e p a r a t i o n of diFM, 
only the n o n - s t e r e o s p e c i f i c consumption of the second furan double bond 
would have to be considered i n r e l a t i o n to the polymer growth mechanism. 
Monitoring of the polymer growth by t h i n l a y e r chromatography 
a l s o i n d i c a t e d the slowness of the r e a c t i o n , m a t e r i a l s of R^ v a l u e s 
corresponding to s t a r t i n g m a t e r i a l s s t i l l being present i n the r e a c t i o n 
mixture a f t e r i r r a d i a t i o n for 62 hburs. 
Polymer growth was a l s o followed by i n f r a r e d spectroscopy. 
S p e c t r a of polymers obtained at the v a r i o u s stages of r e a c t i o n are 
reproduced i n F i g u r e 4.9. Consumption of the carbonyl group (1665 cm 
and development of the broad ca.1150-900 cm * absorption i s c l e a r l y 
demonstrated. At the p l a t e a u molecular weight of ca.2300, r e s i d u a l C=0 
group i s d e t e c t a b l e i n the spectrum of the polymer. 
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I n f r a r e d S p e c t r a o f D i f f e r i n g M o l e c u l a r Weight Samples 
o f PolyFM 
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4.22 E f f e c t of Concentration on Polymer Molecular Weight 
Although a d e t a i l e d study of the e f f e c t of c o n c e n t r a t i o n on p l a t e a u 
molecular weight of a furan-diketone polymer was not performed, the 
maximum molecular weight of ca.2600 for polyFM a t t a i n e d w i t h an i n i t i a l 
monomer co n c e n t r a t i o n of 0.01746M may be compared w i t h the molecular 
weight for crude polyFM of ca.4800 obtained with an i n i t i a l monomer 
con c e n t r a t i o n of 0.08456M. Thus, as w i t h the t e t r a m e t h y l a l l e n e - d i k e t o n e 
p o l y m e r i z a t i o n s , i n c r e a s i n g the i n i t i a l monomer co n c e n t r a t i o n appeared to 
i n c r e a s e the p l a t e a u molecular weight of the polymer. 
R e i r r a d i a t i o n of polyFlO ( i n i t i a l l y prepared at a c o n c e n t r a t i o n of 
9.264 g/1) at an i n c r e a s e d c o n c e n t r a t i o n of 15.33 g/1 r a i s e d the 
molecular weight of crude polymer from 2500 to 2900. 
4.23 Thermal S t a b i l i t y of Furan-Diketone Polymers 
A sample of p o l y F l s t o r e d for 9 months at room temperature showed 
new medium-weak i n f r a r e d absorption bands at 1730 cm ^ and 1660 cm ^. 
(a) P y r o l y s i s of Polymers 
( i ) PolyFM 
Heating of a sample of polyFM (molecular weight 8000) for 
2 hours at a temperature of 245-250°C and p r e s s u r e of ca.10 ^ ram.Hg 
y i e l d e d furan as v i r t u a l l y the only v o l a t i l e m a t e r i a l . The furan 
c o l l e c t e d was e q u i v a l e n t to ca.35% of p o s s i b l e furan r e s i d u e s i n the 
polymer. The r e s i d u a l non v o l a t i l e m a t e r i a l c o n s i s t e d of orange-yellow 
v i s c o u s matter around the neck of the p y r o l y s i s f l a s k , i d e n t i f i e d by 
i n f r a r e d spectroscopy as e s s e n t i a l l y m-dibenzoylbenzene, and a black 
r e s i d u e . The l a t t e r showed a strong C=0 s t r e t c h and l a r g e l y weakened 
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absorptions i n the 1100-900 cm region c h a r a c t e r i s t i c of the o r i g i n a l 
polymer. T h i s data was c o n s i s t e n t with cleavage of oxetane r i n g s i n 
the main polymer c h a i n and analogous to the aforementioned p y r o l y t i c 
cleavage of oxetanes to o l e f i n s and carbonyl compounds. 
( i i ) P o l y F l 
Samples of p o l y F l were heated for 2 hours at 
temperatures of 100-120°, 200° and 270°C (and a p r e s s u r e of ca.10 ^ mm.Hg) 
Sample s i z e was too small to y i e l d c h a r a c t e r i z a b l e amounts of v o l a t i l e 
m a t e r i a l . 
I n f r a r e d s p e c t r a on r e s i d u e s from the polymer samples a f t e r h e a t i n g 
showed, at s e l e c t e d wavelengths, the f e a t u r e s given below i n Table 4.7. 
TABLE 4.7 
I n f r a r e d Data on Residues from P y r o l y s i s of P o l y F l 
Temperature 
of Heating 
( ° c ) 
I n t e n s i t y of Absorptions at S e l e c t e d Wavelengths 




w/m w w w w s 
, l i t t l e w s s s m/s , absorption 
l i t t l e 
_ w s s ~ 
absorption 
The i n f r a r e d spectrum of the r e s i d u e obtained from heating p o l y F l 
at 270°C corresponded e s s e n t i a l l y to that of diketone, comparable w i t h 
r e s u l t s from the p y r o l y s i s of polyFM 
216. 
(b) Thermogravimetric A n a l y s i s 
T y p i c a l thermogravimetric an a l y s e s ( f o r polyFM and polyF6 i n 
ni t r o g e n and s t a t i c a i r ) are recorded i n Appendix D. As with polymers 
from TMA as diene, two step curves r e s u l t e d from heating i n a i r and 
s i n g l e step curves from heating i n n i t r o g e n . Major weight l o s s occurred 
i n the 250-450°C region. For polymers d e r i v e d from 4,4'-dibenzoyldiphenyl-
alkanes, 50% weight l o s s occurred at temperatures of between ca.320 
and 450°C, but t h r e s h o l d temperatures of decomposition and temperatures 
corresponding to 50% weight l o s s were not always lower for a n a l y s e s 
of corresponding polymers i n atmospheres of a i r compared to atmospheres 
of n i t r o g e n . 
To o b t a i n information on the dependence of thermal s t a b i l i t y on 
molecular weight, f i v e samples of polyFM (molecular weights: 500, 740, 
1050, 1820 and 4600) were analysed i n s t a t i c a i r - for general c o n d i t i o n s 
see Appendix D. The thermograms are shown i n F i g u r e 4.10. A general 
trend of i n c r e a s i n g thermal s t a b i l i t y w i t h i n c r e a s i n g molecular weight 
was apparent, being most n o t i c e a b l e i n the 300-600°C temperature region. 
The polymer sample of molecular weight 500 was s u b s t a n t i a l l y l e s s s t a b l e 
than the sample of molecular weight 740. 
4.24 F u r t h e r Comment on the S t a b i l i t y of Furan-Diketone Polymers and 
Adducts 
P a r t i c u l a r l y n o t i c e a b l e i n the spectrum of the r e s i d u e from 
p y r o l y s i s of p o l y F l at 200°C was a strong absorption at 1730 cm ^. Weak 
absorptions a t t h i s wavelength i n the i n f r a r e d s p e c t r a of samples of 
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remarked on, as have s i m i l a r weak absorptions i n some furan polymers, 
p a r t i c u l a r l y a f t e r polymer storage. A strong absorption at ca.1730 cm ^ 
was a l s o apparent i n the i n f r a r e d spectrum of the product from i r r a d i a t i o n 
of 4,4 1-dibenzoyldiphenyl ether i n furan. 
A sample of d i F l heated at 130-150°C for 5 hours at a p r e s s u r e of 
-3 -1 ca. 10 mm.Hg a l s o showed a strong absorption at 1730 cm together w i t h 
strong absorption at 1140 cm ^. 
A r a t i o n a l i z a t i o n of the appearance of the absorptions at 1730 cm ^ 
thus appeared to be a thermal e f f e c t causing some decomposition or 
rearrangement r e a c t i o n , and g r e a t l y enhanced by h e a t i n g at temperatures 
i n the range ca.130-200°C. 
An absorption at 1730 cm ^ i s t y p i c a l l y c h a r a c t e r i s t i c of an 
a l i p h a t i c carbonyl compound, although C=C double bond f r e q u e n c i e s may be 
r a i s e d to t h i s r egion as i n the case of the e x o c y c l i c C=C double bond 
observed i n t e t r a m e t h y l a l l e n e - d i k e t o n e polymers. 
Some p o s s i b l e decomposition paths are i n d i c a t e d below although the 
source of the 1730 cm ^ absorption has not been p o s i t i v e l y i d e n t i f i e d . 
278 279 
2,3-Dihydrofurans are known to undergo thermal ' and photo-
280 
chemical rearrangement to c y c l o p r o p y l carbonyl compounds. Thus 279 o 2,3-dihydrofuran i t s e l f g i v e s some cyclopropane aldehyde at 375 C 
278 
and 2-methyl-4,5-dihydrofuran i s i s o m e r i z a b l e to methyl cyclopropyl 
ketone, r i n g f i s s i o n o c c u r r i n g at the 1,5 bond (eq.4.12). 
Me 
7 41 
0" \ Me 
(4.12) 
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Cyclopropane aldehyde may undergo f u r t h e r r e a c t i o n ( 4 . 1 4 ) . ^ ^ 
[ > C H 0 - [ > CH3CH=CH2 (4.14) 
However the entropy change i n going from a five-membered to a three-
membered r i n g condensed to a four-membered r i n g would be unfavourable 






Me / CHO 
(86) (87) (88) 
—1 280 
from 2,3-dihydrofurans show a carbonyl s t r e t c h at ca.1690 cm 
Rearrangements such as that shown i n eq.4.15 may be p o s t u l a t e d . 
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However the carbonyl group i n l a c t o n e s of the type (89) i s reported to 
_ i 281 absorb i n the 1800 cm r e g i o n . 
I n a d d i t i o n to cleavage of oxetane r i n g s i n the polymer chains or 
i n 2:1 adducts, g i v i n g furan and aromatic carbonyl, the a l t e r n a t i v e 















Evanega and Whipple have reported the thermal i n s t a b i l i t y of the 
'symmetrical' benzophenone-furan 2:1 adduct ( 6 6 ) , s u b l i m a t i o n g i v i n g a 
43% y i e l d of 1,1,4,4-tetraphenylbutadiene. 1,1,4,4-Tetraphenylbutadiene 
shows no i n f r a r e d absorption between 1780 and 1620 cm \ and no evidence 
fo r the presence of a correspodning l i n k u n i t i n furan-diketone polymers 
has been obtained. 
Cleavage i n the 2:1 adducts, corresponding to that shown fo r the 
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Howeverjcompounds of the type CO-0-C=C- show a marked i n c r e a s e i n 
carbonyl frequency, r e g a r d l e s s of whether the douhle bond i s normal or 
282 256 part of an aromatic r i n g . 'Autooxidation 1 r e a c t i o n s of oxetanes, 
283 
t e t r a h y d r o f u r a n s , and furans are w e l l known. 
For example^2-oxaspiro[3.2]hexane undergoes""' autooxidation and 
polyme r i z a t i o n according to the equation ( 4 . 1 7 ) . 
™ 2 \ / C H 2 \ 
/ 0 
C H ^ ^ C H ^ 
CH. 
C H 2 
CH^v CH 00H 




CH 2-C(CH 2) 2-C-0 
(4.17) 
THF undergoes o x i d a t i o n on prolonged exposure to a i r during storage, 
the hydroperoxide undergoing thermal decomposition to Y - D U t y r o l a c t c m e 
( e q . 4 . 1 8 ) . 2 8 4 
Or- * U + H 20 (4.18) 
00H 
Autooxidation of 2-phenyloxetane i s reported to give a product 
that i s a low polymer w i t h carbonyl absorptions c h a r a c t e r i s t i c of a 
256 
phenyl ketone. The most e a s i l y a b s t r a c t a b l e hydrogen here i s t e r t i a r y 
hydrogen. 
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S i m i l a r autooxidation r e a c t i o n s may be p o s t u l a t e d for the furan-diketone 
polymers and 2:1 adducts, for example as shown i n r e a c t i o n scheme ( 4 . 1 9 ) . 
Ph Ph Ph 
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Re a c t i o n Scheme (4.19) 
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The s u b s t a n t i a l recovery of furan, and the strong aromatic carbonyl 
absorption i n the r e s i d u e , from p y r o l y s i s of polyFM i n d i c a t e a c o n s i d e r a b l e 
amount of cleavage as i r e v e r s a l of the c y c l o a d d i t i o n r e a c t i o n forming 
the oxetane r i n g . 
4.25 P r e p a r a t i o n of Furan-Diketone Polymers Derived from Two Diketones 
De Schryver has pointed out that gtep-growth photopolymerization 
can provide a good method of preparing a l t e r n a t i n g c o p o l y m e r s . ^ The 
proposed s t r u c t u r e s for the polymers from furan and diketones, so f a r 
described, c o n t a i n a l t e r n a t e furan and diketone r e s i d u e s . The co-
p o l y m e r i z a t i o n technique should be f u r t h e r extendable to r e a c t i o n between 






Ar" - polymer 
(4.20) 
Ar' ^ Ar" 
Such po l y m e r i z a t i o n s are of i n t e r e s t s i n c e diketones, such as p-
dibenzoylbenzene, t h a t did not photopolymerize very e f f i c i e n t l y w i t h 
furan-diketone 2:1 adduct might photopolymerize e f f i c i e n t l y when photo-
r e a c t e d j i n the form of furan-diketone 2:1 adduct,with another r e a d i l y 
photopolymerizable diketone. P r o p e r t i e s of polymers from such photo-
polymerizations could a l s o be compared w i t h the p r o p e r t i e s of the polymers 
co n t a i n i n g the i n d i v i d u a l diketone and furan r e s i d u e s . 
224. 
Thus photoreactioh between l,6-(4,4'-dibenzoyldiphenyl)hexane and 
diFM i n benzene s o l v e n t y i e l d e d a pale yellow polymer i n q u a n t i t a t i v e 
y i e l d for photoaddition. The temperature of onset of m e l t i n g o f the 
o 
p r e c i p i t a t e d polymer was 190 C, intermediate between t h a t of polyFM 
(209°C) and polyF6 (180°C). The i n f r a r e d spectrum of the polymer 
(Appendix C) showed a weak r e s i d u a l C=0 s t r e t c h (1660 cm and was i n 
general agreement with those of other furan-diketone polymer s p e c t r a . 
Elemental a n a l y s i s was s a t i s f a c t o r y . 
I r r a d i a t i o n a t 350 nm of d i l u t e benzene s o l u t i o n s o f diFM w i t h p-
dibenzoylbenzene, and the corresponding i r r a d i a t i o n of diFP w i t h m-
dibenzoylbenzene under i d e n t i c a l c o n d i t i o n s produced polymers of 
d i f f e r i n g D.P. Elemental a n a l y s e s for both polymers were s a t i s f a c t o r y . 
Molecular weight and 'melting p o i n t ' data i s shown for the two polymers 
i n Table 4.8. 
TABLE 4.8 
Photopolymerization of m-Dibenzoylbenzene with DiFP and 
of p-Dibenzoylbenzene w i t h DiFM 
Monomer8 P o l y m e r s 8 
2:1 Adduct Diketone 
Molecular Weight 'Melting point'b 
c 
Crude P r e c i p i t a t e d Crude P r e c i p i t a t e d 1 
DiFP m-Dibenzoylbenzene 1410 2240 156 163 
DiFM p-Dibenzoylbenzene 990 1570 110 147 
Notes a) Prepared as recorded i n Table 4.15 
b) Determined i n m e l t i n g point c a p i l l a r i e s by development of 
t a c k i n e s s 
c) Under i d e n t i c a l c o n d i t i o n s . 
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I n f r a r e d s p e c t r a of the two polymers were almost i d e n t i c a l , but the 
higher molecular weight polymer showed the stronger 'oxetane' absorptions 
i n the 1100-900 cm"1 region. Both polymers e x h i b i t e d a band at 1730 cm - 1 
i n t h e i r s p e c t r a . 
The higher molecular weight of the polymer from m-dibenzoylbenzene as 
diketone was c o n s i s t e n t w i t h the higher e f f i c i e n c y of m-dibenzoylbenzene 
compared to p-dibenzoylbenzene i n a l l photopolymerizations d i s c u s s e d i n 
this chapter. 
4.26 S t u d i e s with 2,5-Dimethylfuran as Diene 
Photopolymerization of diketones w i t h 2,5-dimethylfuran was under-
taken p a r t i a l l y w i t h the aim of extending the scope of the photo-
p o l y m e r i z a t i o n s , and a l s o to y i e l d information on the source of OH grouping 
(as i n d i c a t e d by i n f r a r e d spectroscopy) i n , and the cause of reduced 
s o l u b i l i t y of, polymers from furan (see s e c t i o n 4.27). 
(a ) I r r a d i a t i o n of 4,4'-Dibenzoyldiphenylmethane i n 2.5-Dimethylfuran 
I r r a d i a t i o n of 4,4'-dibenzoyldiphenylmethane i n 2,5-dimethylfuran 
at 350 ran y i e l d e d , on removal of excess diene, a mixture of at l e a s t 
four components as determined by t h i n l a y e r chromatography. An i n f r a r e d 
spectrum of the crude i r r a d i a t i o n products showed a strong r e s i d u a l 
carbonyl peak, a broad, weak absorption centred at ca.3500 cm \ a weak-
medium s t r e n g t h peak at 1710 cm 1 and s e v e r a l peaks i n the 1100-900 cm 1 
region e q u i v a l e n t to corresponding peaks i n furan adducts. No attempt 
was made to s e p a r a t e the crude product mixture. 2,5-Dimethylfuran was 
s u f f i c i e n t l y i n v o l a t i l e to attempt d i r e c t photopolymerization w i t h 
diketone i n a manner analogous to p r e p a r a t i o n of TMA-diketone polymers. 
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(b) Polymerizations with 2,5-Dimethylfuran as Diene 
I r r a d i a t i o n a t 350 nm of benzene s o l u t i o n s c o n t a i n i n g equimolar 
q u a n t i t i e s of m-dibenzoylbenzene and 2,5-dimethylfuran and of l , 4 - ( 4 , 4 ' -
dibenzoyldiphenyDbutane and 2,5-dimethylfuran y i e l d e d c l e a r s o l u t i o n s 
of polymers i s o l a t e d by f r e e z e drying and p r e c i p i t a t e d as f o r furan 
polymers. Elemental a n a l y s e s were i n good agreement with v a l u e s r e q u i r e d 
for photoaddition between diene and diketone y i e l d i n g polymer, and 
y i e l d s were q u a n t i t a t i v e f o r such photoaddition. Molecular weight and 
'melting p o i n t ' data i s given i n Table 4.9. 
TABLE 4.9 
Photopolymerization of Aromatic Diketones w i t h 2,5-Dimethylfuran 
Polymers 
Diketones Molecular Weight (D.P.) 'Melting P o i n t , b 
Crude P r e c i p i t a t e d (°C) 
m-Dibenzoylbenzene 2400 (6.3) 3000 (7.8) 158 
l,4-(4,4'-Dibenz-
oyldiphenyl)butane 4000 (7.8) 6700 (13.0) 155 
Notes a) Prepared as recorded i n Table 4.16 
b) Determined for p r e c i p i t a t e d polymers by development 
of t a c k i n e s s 
I n c o n t r a s t to furan polymers, good b r i t t l e f i b r e s could be drawn 
from the melt. I n f r a r e d s p e c t r a of the polymers (Appendix C) showed the 
general c h a r a c t e r i s t i c s of the furan polymers, but both 2,5-dimethylfuran-
diketone polymers showed strengthened absorptions at ca.3550 cm ^ and 
medium s t r e n g t h absorptions at 1700 cm These f e a t u r e s may be 
analogous to those i n polymers from TMA with hydrogen a b s t r a c t i o n from 
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methyl groups causing r e a c t i o n s of the type ( 4 . 2 1 ) . 
Ar 
Ar 
+ Ar-C-Ar'-C-Ar (4.21) 
CH 
CH 
OH Ar Ar 
C — A r C — A r hv hv X Ar f u r t h e r p o l y m e r i z a t i o n 0 CH 
CH 
The 1700 cm absorption could thus be a s s i g n a b l e to a C=C double 
bond e x o c y c l i c to a f i v e membered r i n g and at lower frequency than the 
analogous C=C double bonds e x o c y c l i c to four membered r i n g s i n TMA-
diketone polymers. 
The lower molecular weight m-dibenzoylbenzene-2,5-dimethylfuran 
polymer showed c o n s i d e r a b l e r e s i d u a l C=0 s t r e t c h i n i t s i n f r a r e d spectrum. 
However, i n view of the reasonable polymer obtained from 2,5-
dimethylfuran and l , 4 - ( 4 , 4 ' - d i b e n z o y l d i p h e n y l ) b u t a n e j w i t h almost complete 
consumption of carbonyl group, i t i s s u r p r i s i n g t h a t more complete 
consumption of carbonyl group did not occur i n the i r r a d i a t i o n of 4,4'-
dibenzoyldiphenylmethane i n 2,5-dimethylfuran. The 2,5-dimethylfuran used 
was of ' p r a c t i c a l grade 1 p u r i f i e d by d i s t i l l a t i o n . P o s s i b l y some 
quenching e f f e c t due to the presence of unremoved or introduced i m p u r i t i e s 
was o p e r a t i n g during the l a t t e r i r r a d i a t i o n . O v e r a l l y i e l d s of oxetanes 
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109 from benzophenone and 2,5-dimethylfuran are reported to be only i n 
the 707. region compared to the v i r t u a l l y quantitative y i e l d s w i t h furan. 
S i n c e polymers could be obtained d i r e c t l y i n a one stage r e a c t i o n 
between diketone and 2,5-dimethylfuran f and chromatographic evidence 
together with p o s t u l a t e d hydrogen a b s t r a c t i o n r e a c t i o n s rendered 
i 
q u a n t i t a t i v e formation of 2,5-dimethylfuran-diketone 2:1 adducts u n l i k e l y , 
the i r r a d i a t i o n i n excess 2,5-dimethylfuran was not repeated. 
Thermograms of the two polymers from 2,5-dimethylfuran as diene 
are recorded i n Appendix D. Weight l o s s commenced at lower temperatures 
( c a . 100°C) than w i t h polymers from furan as diene. Thermograms were 
two step curves with the exception of the one for the polymer from m-
dibenzoylbenzene and 2,5-dimethylfuran i n a n i t r o g e n atmosphere, which 
was a s i n g l e step curve, more than 10% by weight of sample remaining as 
a charred r e s i d u e at the end of the a n a l y s i s . 
4.27 P o s s i b l e Competing Reac t i o n s i n the Photopolymerization of Furan-
Diketone 2:1 Adducts w i t h Diketones 
Although polymers were s u c c e s s f u l l y obtained from 2:1 adducts and 
diketones the s p e c t r o s c o p i c data on the polymers was i n c o n s i s t e n t w i t h the 
only r e a c t i o n o c c u r r i n g during i r r a d i a t i o n being c y c l o a d d i t i o n w i t h 
oxetane formation. I n f r a r e d s p e c t r a , p a r t i c u l a r l y of polymers from 
4,4'-dibenzoyldiphenylalkanes, were i n d i c a t i v e of the presence of OH 
groups. S o l u b i l i t i e s of the polymers, compared to g e n e r a l l y high 
s o l u b i l i t y of the 2:1 adducts used and the high s o l u b i l i t y of t e t r a m e t h y l -
a l l e n e polymers, and a l s o the melting c h a r a c t e r i s t i c s of the furan 
polymers were suggestive of some occurrence of branching and/or c r o s s -
l i n k i n g during the p o l y m e r i z a t i o n process. 
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S e v e r a l p o s s i b i l i t i e s e x i s t f o r the r a t i o n a l i z a t i o n of these 
phenomena i n c l u d i n g : 
1) R e a c t i o n with benzene s o l v e n t 
2) Hydrogen a b s t r a c t i o n from r e a c t i v e methylene groups during 
polymerizations i n v o l v i n g r e l e v a n t ketones. 
3) Hydrogen a b s t r a c t i o n from furan r e s i d u e s i n 2:1 adducts or 
growing polymer. 
I n t e r a c t i o n of benzophenone t r i p l e t s w ith benzene so l v e n t has a l r e a d y 
been d i s c u s s e d i n Chapter 2, diphenyl and benzopinacol being d e t e c t a b l e as 
the major products. A s i m i l a r r e a c t i o n i s e q u a l l y l i k e l y between 
diketones s t u d i e d here and the benzene s o l v e n t . I r r a d i a t i o n of m-
dibenzoylbenzene i n benzene at 350 nm and subsequent removal of benzene 
y i e l d e d a s o l i d which, although s u b s t a n t i a l l y m-dibenzoylbenzene, and 
h i g h l y s o l u b l e i n benzene, contained a second component (observed by 
t h i n l a y e r chromatography) and gave a j u s t d e t e c t a b l e OH absorption 
around 3500 cm * i n i t s i n f r a r e d spectrum. 
The p o s s i b i l i t y of any hydrogen a b s t r a c t i o n s from benzene could be 
e l i m i n a t e d by use of a no n - a b s t r a c t a b l e p e r f l u o r i n a t e d s o l v e n t such as 
perfluoromethylcyclohexane or perfluorodiraethylcyclobutane. However 
the diketones were too i n s o l u b l e i n these s o l v e n t s to allow such an 
i n v e s t i g a t i o n . 
The photoaddition between benzophenone and diphenylmethane, 
i n v o l v i n g hydrogen a b s t r a c t i o n from the methylene group, has been 
d i s c u s s e d i n Chapter 2. Such a r e a c t i o n o c c u r r i n g i n the p o l y m e r i z a t i o n 
process could provide one r a t i o n a l i z a t i o n of the presence of OH groups 
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and the occurrence of branching i n polymers i n c o r p o r a t i n g methylene 
c h a i n s . Such r e a c t i o n may be represented by equation ( 4 . 2 2 ) . 
I I 
— Ar'-CH 2-Ar' — - + Ar-C-Ar 1-CH 2-Ar' ~ — 
(4.22) 
h V v Ar '—CH—Ar ' — 
I 
A r — C — A r '— CH — Ar ' — -
I 2 
OH 
I r r a d i a t i o n of 4,4 1-dibenzoyldiphenylmethane i n benzene a t 350 nm 
r e s u l t e d i n a small degree of photoreaction w i t h the presence of OH 
groups i n d i c a t e d by a weak,broad absorption centred at ca.3500 cm * i n 
the i n f r a r e d spectrum. With an a d d i t i o n a l weak absorption a t 1500 cm \ 
new absorptions were comparable with corresponding absorptions i n the 
p o l y p i n a c o l from the same diketone ( s e c t i o n 4.29). The presence of a 
sm a i l q u a n t i t y of m a t e r i a l i n s o l u b l e i n benzene, a f t e r the i r r a d i a t i o n , 
suggested t h a t the m a t e r i a l was not j u s t l i n e a r p o l y p i n a c o l . P o s s i b l e 
i n t e r a c t i o n with benzene s o l v e n t has a l r e a d y been i n d i c a t e d but the 
i r r a d i a t i o n s of m-dibenzoylbenzene and 4,4'-dibenzoyldiphenylmethane i n 
benzene produced m a t e r i a l s with fundamentally d i f f e r e n t s o l u b i l i t i e s . 
D i f f i c u l t i e s r e s u l t i n g from a b s t r a c t i o n of oxetane hydrogens by 
* 
the carbonyl n,n t r i p l e t have a l s o been pointed out i n Chapter 2. I n 
general, f r e e r a d i c a l r e a c t i o n s of c y c l i c e t h e r s are w e l l known, a-
hydrogens undergoing r e a c t i o n most r e a d i l y and the ease of formation of 
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f r e e r a d i c a l s from v a r i o u s c y c l i c e t h e r s has been i n v e s t i g a t e d . 
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A s p e c i f i c example of a photoreduction i n v o l v i n g hydrogen or to 
ether oxygen i s the photoreduction of benzophenone i n methyl 2 - o c t y l 
ether, which proceeds at a r a t e ca.0.17 times that of photoreduction i n 
i 2 0 7 isopropanol. 
Thus another f e a s i b l e r e a c t i o n accounting for the experimental 
obse r v a t i o n s i s a b s t r a c t i o n of such CK-hydrogens i n competition w i t h the 
c y c l o a d d i t i o n , an example of such a b s t r a c t i o n being r e p r e s e n t a b l e by 
equation ( 4 . 2 3 ) . 
Ar Ar 
Ar' Ar' 




hv, Ar 1 Ar' 
Ar-C-Ar' 
OH 
E q u i v a l e n t branching r e a c t i o n s are not p o s s i b l e with TMA as diene. 
As pointed out e a r l i e r , 2,5-dimethylfuran was s t u d i e d as an 
a l t e r n a t i v e diene to furan p a r t i a l l y to y i e l d information on the source 
of OH grouping i n diketone-furan polymers and the cause of reduced 
s o l u b i l i t y of such polymers. Although the methyl hydrogens of 2,5-
dimethylfuran appeared to be abstractable,such a b s t r a c t i o n s , as w i t h TMA 
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as diene, could s t i l l l e ad to growth of l i n e a r polymers, whereas 
a b s t r a c t i o n s of hydrogen a to furan oxygen (such hydrogens not being 
present i n 2,5-dimethylfuran) could lead to the formation of n o n - l i n e a r 
polymers of lower s o l u b i l i t y . The complete s o l u b i l i t y i n benzene of the 
polymer from l,4-(4,4'-dibenzoyldiphenyl)butane and 2,5-dimethylfuran 
was i n marked c o n t r a s t to the incomplete s o l u b i l i t y of polyF4 i n benzene, 
and such o b s e r v a t i o n s , although not p r e c l u d i n g other e x p l a n a t i o n s , are 
c o n s i s t e n t with the occurrence of r e a c t i o n s of the type ( 4 . 2 3 ) . 
Thus a combination of r e a c t i o n s may be o c c u r r i n g during the 
p o l y m e r i z a t i o n process, i n competition with the c y c l o a d d i t i o n r e a c t i o n . 
The above examples are i l l u s t r a t i v e of p o s s i b l e processes o c c u r r i n g , 
although a d d i t i o n a l r a d i c a l r e a c t i o n s , such as coupling of k e t y l r a d i c a l s 
produced i n the above pr o c e s s e s , are not excluded. 
THE PREPARATION OF POLYBENZOPINACOLS 
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4.28 I n t r o d u c t i o n 
I n Chapter 1, pre p a r a t i o n s of polybenzopinacols from benzophenone 
type aromatic diketones were de s c r i b e d , and the mechanism of the photo-
reduction process was reviewed i n Chapter 2. 
Photoreductive coupling to polybenzopinacols has been repeated and 
extended with the aromatic diketones d e s c r i b e d i n Chapter 3, l a r g e l y as a 
check on the p u r i t y of the diketones and the e f f e c t i v e n e s s of the 
i r r a d i a t i o n technique i n producing the r e q u i r e d e x c i t e d s p e c i e s . 
DISCUSSION 
4.29 Reductive Coupling of Aromatic Diketones 
(a) I n 50:50 Benzene-Isopropanol Mixtures 
Polybenzopinacols were prepared by i r r a d i a t i o n at 350 nm of 
aromatic diketones i n a benzene-isopropanol mixture. On the b a s i s of the 
91 
statement by Higgins t h a t a 50:50 mixture of the s o l v e n t s was 
s e i t i s f a c t o r y , p r oviding a s u i t a b l e balance between monomer s o l u b i l i t y and 
r a t e of r e a c t i o n , a 50:50 (v/v) s o l v e n t mixture was i n i t i a l l y employed 
90 
i n t h i s study. ( I n Higgins i n i t i a l s t u d i e s , mixtures of 125 ml. 
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benzene and 125 ml. isopropanol were used as s o l v e n t . Subsequently 
i n f u r t h e r s t u d i e s , Higgins d i d not c a t e g o r i c a l l y s t a t e whether the 
mixture was v/v, w/w or mole/mole. A 50:50 w/w mixture would have 
r e q u i r e d more isopropanol than used here. A 50:50 mole/mole mixture 
would only have made a small d i f f e r e n c e to the s o l v e n t r a t i o - d e n s i t i e s 
of benzene and isopropanol are 0.878 and 0.785 g/ml. r e s p e c t i v e l y at 20°C). 
The diketones enumerated below were photopolymerized to give the 
corresponding polybenzopinacols. 
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Diketone Polymer Diketone Polymer 
(40) P o l y p i n a c o l M (46) P o l y p i n a c o l 3 
(41) P o l y p i n a c o l P (47) P o l y p i n a c o l 4 
(42) P o l y p i n a c o l E (48) P o l y p i n a c o l 5 
(44) P o l y p i n a c o l 1 (49) P o l y p i n a c o l 6 
(45)' P o l y p i n a c o l 2 (50) P o l y p i n a c o l 10 
During the i r r a d i a t i o n periods l i g h t to heavy p r e c i p i t a t e s were formed 
from a l l but m-dibenzoylbenzene (v. l i g h t s u s p e n s i o n ) , p-dibenzoylbenzene 
and 1,10-(4,4'-dibenzoyldiphenyl)decane. 
F r e e z e drying of the polymers was complicated by the nature of the 
s o l v e n t mixture, the l a r g e proportion of isopropanol tending to cause 
melting of the s o l v e n t mixture during the drying process u n l e s s e x t e r n a l 
c o o l i n g was employed. Follo w i n g removal of the s o l v e n t , the polymeric 
m a t e r i a l , which s t i l l appeared damp, was d i s s o l v e d so f a r as p o s s i b l e i n 
benzene and f r e e z e d r i e d . Where polymeis p r e c i p i t a t e d out during the 
i r r a d i a t i o n they tended to c l i n g to the s i d e of the r e a c t i o n v e s s e l , making 
q u a n t i t a t i v e recovery d i f f i c u l t . However, y i e l d s where a meaningful 
comparison w i t h weight of s t a r t i n g m a t e r i a l used was p o s s i b l e tended to 
be s l i g h t l y higher than q u a n t i t a t i v e y i e l d s expected f o r p o l y p i n a c o l 
formation, e s p e c i a l l y with polymers p r e c i p i t a t e d during i r r a d i a t i o n . 
T h i s suggested o c c l u s i o n of s o l v e n t by the polymer. Pearson, i n h i s 
89 
s t u d i e s on p-dibenzoylbenzene photopolymerization, noted t h a t a s l i g h t 
amount of isopropanol was s t r o n g l y absorbed by the o l i g o m e r i c p i n a c o l 
obtained under 'strenuous' i r r a d i a t i o n c o n d i t i o n s . 
I n f r a r e d s p e c t r a of the crude polymers are recorded i n Appendix C. 
90-92 
They were g e n e r a l l y i n good agreement w i t h p u b l i s h e d i n f r a r e d s p e c t r a of 
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p o l y p i n a c o l s with a strong OH absorption at ca. 3560 an although 
p o l y p i n a c o l 2 showed c o n s i d e r a b l e C=0 s t r e t c h (1655 cm and s l i g h t 
r e s i d u a l C=0 s t r e t c h was a l s o observed for p o l y p i n a c o l 1, p o l y p i n a c o l 4 
and p o l y p i n a c o l 6. A weak absorption a t ca.1710 cm ^ was noted i n the 
spectrum of p o l y p i n a c o l P. 
Samples of polymers were d r i e d under reduced p r e s s u r e for 3 days @ 
77°C i n attempts to remove any occluded s o l v e n t . T h i s drying r e s u l t e d i n 
the appearance of a c o n s i d e r a b l e C=0 s t r e t c h absorption i n the i n f r a r e d 
spectrum of p o l y p i n a c o l 1. 
Attempts to p r e c i p i t a t e p o l y p i n a c o l 1 and p o l y p i n a c o l 4 by d i s s o l u t i o n 
i n dimethylsulphoxide and a d d i t i o n of t h i s s o l u t i o n to methanol, following 
92 
the method of De Schryver, gave polymer samples c o n t a i n i n g occluded 
methanol which could not be removed by drying under reduced p r e s s u r e . 
Molecular weights of polymer camples were determined by the 
i s o p i e s t i c method with benzene or DMF as s o l v e n t . Molecular weights are 
recorded i n Table 4.10 together with the temperature at which polymers 
f i r s t became tacky on heating i n a melting ppint c a p i l l a r y tube. 
P o l y p i n a c o l M, p o l y p i n a c o l 5, p o l y p i n a c o l 6 and p o l y p i n a c o l 10 e x h i b i t e d 
f a i r l y high D.P.'s, the high D.P. (ca.16) of p o l y p i n a c o l M being i n 
©nsiderable c o n t r a s t to e a r l i e r r e p o r t s t h a t the diketone formed only 
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very low molecular weight m a t e r i a l or d i d not r e a c t . ' The molecular 
weights of some polymers must be t r e a t e d with c a u t i o n owing to the presence 
of i n s o l u b l e m a t e r i a l (e.g. ca.37„ fo r a ' s o l u t i o n ' of 0.0564 g. of 
p o l y p i n a c o l 4 i n 5.20 g. DMF), and molecular weights of polymers may be 
gross underestimates as a r e s u l t of occluded s o l v e n t . Pearson recorded 
t h a t drying of p o l y p i n a c o l P at 0.001 mm.Hg and 80°C gave m a t e r i a l of 
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TABLE 4.10 
Molecular Weights. Degrees of P o l y m e r i z a t i o n and Melting 
C h a r a c t e r i s t i c s of Polybenzopinacols 
Polymer 
Molecular Weight (D.P. ) b 'Melting P o i n t | b , C 
Before Drying A f t e r Drying (°C) ! 
P o l y p i n a c o l M 4800 d (16.6) 4 700 6 (16.3) 158 
P o l y p i n a c o l P 1300 d (4.5) - 143 
P o l y p i n a c o l E 3400 e (8.9) 2500 6 (6.6) 155 
P o l y p i n a c o l 1 950 e (2.5) 1400 6 (3.7) 150 
P o l y p i n a c o l 2 2700 6 (6.9) 2000 6 (5.1) 134 
P o l y p i n a c o l 3 2 3 0 0 6 ' 8 (5.7) 2 7 0 0 6 , g (6.6) 133 
P o l y p i n a c o l 4 3500 6 (8.3) 4300 (10.2) 134 
P o l y p i n a c o l 5 9 1 0 0 e ' 8 (20.9) - 116 
P o l y p i n a c o l 6 10300 6 (23.0) - 109 
P o l y p i n a c o l 10 12600 d (25.0) - 92 
Notes a) Prepared as recorded i n Table 4.17. 
b) For crude polymer . 
c) Temperature at which undried polymer becomes tacky • 
d) Determined i n benzene . 
e) Determined i n DMF . 
f ) A f t e r p r e c i p i t a t i o n . 
g) Incomplete d i s s o l u t i o n of sample used i n molecular weight 
determination. 
molecular weight 1335. F u r t h e r drying with an i n c r e a s e d temperature of 
120°C was necessary to o b t a i n a higher observed molecular weight of 
89 
1570. For a polymer, M^ = 10,000, the presence of 1% by weight of 
occluded s o l v e n t , molecular weight 60 ( i s o p r o p a n o l ) , would lower the 
observed molecular weight (as determined by the i s o p i e s t i c method i n 
benzene or DMF) to ca.3800. Only a s m a l l e r r o r i s introduced i f the 
occluded s o l v e n t i s that used for the molecular weight determination. 
General v a r i a t i o n s i n molecular weight, due to occluded s o l v e n t , could at 
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l e a s t to some extent be r e l a t e d to methods of recovery of polymers. 
The onset of melting of the p o l y p i n a c o l s occurred a t f a i r l y low 
temperatures ( < 160°C) and showed the u s u a l trend w i t h r e s p e c t to length 
of methylene c h a i n s . The temperature of onset of me l t i n g of p o l y p i n a c o l M 
(158"C) was c o n s i d e r a b l y higher than the 'melting p o i n t 1 recorded by 
o 9 0 
Higgins (140 C ) . P o l y p i n a c o l P and p o l y p i n a c o l E showed m e l t i n g p o i n t s 
comparable to those obtained by Higgins (135°C ^ and 1 6 0 ^ or 165°C 
r e s p e c t i v e l y ) . P o l y p i n a c o l 1 and p o l y p i n a c o l 2 showed lower temperatures 
of onset of melting than the corresponding p o l y p i n a c o l s of Higgins (160-
170 or 135-160°C and 170-185 or 165-170°C r e s p e c t i v e l y - depending on 
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the p r e p a r a t i v e method ) . The p o l y p i n a c o l s g e n e r a l l y melted over a 
10-20°C range; b r i t t l e f i b r e s could be drawn from the melt. 
A s a t i s f a c t o r y elemental a n a l y s i s was obtained f o r p o l y p i n a c o l 10. 
Other p o l y p i n a c o l s d i d not give s a t i s f a c t o r y a n a l y s e s . 
(b) I n Benzene-Isopropanol Mixtures Containing More than 50% Benzene 
Owing to the g e n e r a l l y u n s a t i s f a c t o r y nature of the p o l y p i n a c o l s , 
as obtained above, and e s p e c i a l l y i n r e l a t i o n to complications caused by 
p r e c i p i t a t i o n of products, some p o l y p i n a c o l p r e p a r a t i o n s were repeated i n 
benzene-isopropanol s o l v e n t mixtures c o n t a i n i n g a higher proportion of 
benzene. 4,4'-Dibenzoyldiphenylmethane, 1,2-(4,4 1-dibenzoyldiphenyl)ethane, 
1,3-(4,4'-dibenzoyldiphenyl)propane and 1,5-(4,4'-dibenzoyldiphenyl)pentane 
were photopolymerized u s i n g between 3:1 and 4:1 (v/v) r a t i o s of benzene 
to isopropanol. No p r e c i p i t a t e s were formed during i r r a d i a t i o n under 
these c o n d i t i o n s , and polymers were r e a d i l y i s o l a t e d by f r e e z e drying. 
I n f r a r e d s p e c t r a of polymers (Appendix C) showed no t r a c e of r e s i d u a l 
238. 
C=0 s t r e t c h and molecular weights of a l l polymers could r e a d i l y be 
determined i n benzene with no s o l u b i l i t y problems. Molecular weights 
and 'melting p o i n t s ' are recorded below i n Table 4.11, f o r the crude 
polymers. 
TABLE 4.11 
Molecular Weights, Degrees of P o l y m e r i z a t i o n and Melting 
C h a r a c t e r i s t i c s of Polybenzopinacols Prepared i n 3:1-4:1 
Benzene-Isopropanol Mixtures 
Polymer 3 Molecular Weight (D.P.) 'Melting P o i n t ' b (°C) 
Po l y p i n a c o l 1 14700 (38.8) 160 
P o l y p i n a c o l 2 3700 (9.4) 147 
P o l y p i n a c o l 3 4400 (10.8) 138 
P o l y p i n a c o l 5 7900 (18.2) 120 
Notes a) Prepared as recorded i n Table 4.18 
b) Recorded as temperature at which polymer samples became 
tacky 
P a r t i c u l a r l y n o t i c e a b l e was the marked i n c r e a s e i n D.P. for p o l y p i n a c o l 1. 
The molecular weight of p o l y p i n a c o l 2 was probably l i m i t e d by the low 
s o l u b i l i t y of monomer, n e c e s s i t a t i n g photopolymerization i n very d i l u t e 
s o l u t i o n ( c a . 0.005M). A v a i l a b i l i t y of 1,3-(4,4'-dibenzoyldiphenyDpropane 
and l,5-(4,4'-dibenzoyldiphenyl)pentane a l s o l i m i t e d t h e i r photopolymerizations 
to f a i r l y d i l u t e s o l u t i o n s . 
S u i t a b l e p r e c i p i t a t i o n of the polymers would be expected to give 
improved molecular weights, but was not performed, p a r t l y i n view of 
the small q u a n t i t i e s of m a t e r i a l being examined. 
Elemental a n a l y s e s of p o l y p i n a c o l 1, p o l y p i n a c o l 2 and p o l y p i n a c o l 3 
were f a i r l y s a t i s f a c t o r y , p a r t i c u l a r l y compared to a n a l y s e s for the 
corresponding polymers prepared i n the 50:50 s o l v e n t m i x t u r e s . 
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( c ) Some Comments on the D i f f e r i n g R e s u l t s Obtained for 
P h o t o p i n a c o l i z a t i o n s i n the Varying Benzene-Isopropanol Mixtures 
I t appeared, from the r e s u l t s d e s c r i b e d above, t h a t i n c r e a s i n g 
the proportion of benzene i n the s o l v e n t mixture gave an improved p i n a c o l 
s o l v e n t , a l l o w i n g complete consumption of carbonyl groups w i t h formation 
of l i n e a r p o l y p i n a c o l s during the i r r a d i a t i o n p e r i od. However, the 
po l y p i n a c o l s that p r e c i p i t a t e d out i n a 50:50 mixture of benzene-
isopropanol during i r r a d i a t i o n were not s o l u b l e i n the 'improved' s o l v e n t 
nor i n neat benzene. A p o s s i b l e e x p l a n a t i o n for t h i s would be th a t 
i r r a d i a t i o n of the polypinacol,once p r e c i p i t a t e d as a s o l u b i l i t y e f f e c t , 
e f f e c t e d a change i n t h i s m a t e r i a l causing i t s subsequent i n s o l u b i l i t y 
i n any improved s o l v e n t . 
To t e s t t h i s theory a t h i n s o l i d l a y e r of s o l u b l e p o l y p i n a c o l 1, 
obtained by i r r a d i a t i o n i n a 3:1 benzene-isopropanol s o l v e n t mixture, 
was c a s t around the s u r f a c e of a round bottomed f l a s k ( r e s i d u a l p r e s s u r e 
_3 
w i t h i n f l a s k was c a l O mm.Hg) and i r r a d i a t e d a t 350 nm for 3 days. The 
r e s u l t i n g m a t e r i a l was v i r t u a l l y i n s o l u b l e i n benzene compared to the 
complete s o l u b i l i t y of the polymer before t h i s i r r a d i a t i o n . An i n f r a r e d 
spectrum of the i n s o l u b l e m a t e r i a l r e v e a l e d t h a t a carbonyl group had 
been regenerated (as i n d i c a t e d by a medium s t r e n g t h absorption a t ca. 
1655 cm" 1). 
Benzopinacol i s known to undergo a l k a l i n e cleavage to benzhydrol 
88 
and benzophenone (eq.4.24). 
Ph 2C(0H)C(OH)Ph 2 -• Ph2CH0H + Pt^CO (4.24) 
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Such a l k a l i n e cleavage could r e s u l t from contact of polymer with a g l a s s 
s u r f a c e , r egenerating the carbonyl group e i t h e r on h e a t i n g or during an 
i r r a d i a t i o n . Cleavage products from benzopinacol, however, are much 
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more s o l u b l e i n a l c o h o l than benzopinacol i t s e l f . Regenerated 
carbonyl grouping (or any r e s i d u a l carbonyl i n the polymer) could a b s t r a c t 
a hydrogen from the r e a c t i v e methylene groups present ( c f . photoreaction 
of benzophenone and diphenylmethane) causing a branching r e a c t i o n 
( p o s s i b l y as a s o l i d phase r e a c t i o n ) as p o s t u l a t e d f o r furan-diketone 
polymers, and causing decreased polymer s o l u b i l i t y . 
More complex r a d i c a l r e a c t i o n s could a l s o be e f f e c t e d , for example 
as a r e s u l t of any r e s i d u a l oxygen during i r r a d i a t i o n s . 
(d) Thermogravimetric A n a l y s i s of Polybenzopinacols 
T y p i c a l thermograms ( f o r p o l y p i n a c o l M and p o l y p i n a c o l 10 
prepared i n a 50:50 benzene-isopropanol mixture) are recorded i n 
Appendix D. Two step curves were again observed f o r p o l y p i n a c o l s heated 
i n a i r (> 807. weight l o s s being covered by the f i r s t step of the curve) 
and s i n g l e step curves for p o l y p i n a c o l s heated i n a n i t r o g e n atmosphere. 
For p o l y p i n a c o l s d e r i v e d from the 4,4'-dibenzoyldiphenylalkanes, 50% 
weight l o s s was observed at temperatures of between ca.345 and 375°C 
i n a i r , and 355 and 410°C i n n i t r o g e n , decomposition o c c u r r i n g more 
r a p i d l y i n a i r than i n n i t r o g e n . 
D. 
THE USE OF DICHLOROMETHANE AS SOLVENT 
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4.30 Studies w i t h Dtchloromethane as Solvent 
I n view of the low s o l u b i l i t y of l,2-(4,4'-dibenzoyldiphenyl)ethane 
i n benzene, the p o s s i b i l i t y of the use of dichloromethane as s o l v e n t , i n 
which the diketone was f a i r l y s o l u b l e , was i n v e s t i g a t e d . Dichloromethane 
had been used as a cosolvent w i t h isopropanol i n the p r e p a r a t i o n of 
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polybenzopinacols. 
However, both attempts to photopolymerize l,2-(4,4'-dibenzoyl-
diphenyl)ethane w i t h TMA i n dichloromethane, and t o prepare the furan 2:1 
adduct of the diketone w i t h dichloromethane as cosolvent to furan f a i l e d . 
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I n each case m a t e r i a l of molecular weight of the order 10 was produced. 
I n f r a r e d spectra i n d i c a t e d the presence of OH groups, p a r t i c u l a r l y 
i n the product from attempts to prepare furan 2:1 adduct, and showed 
l i t t l e absorption between 1000-900 cm 
Subsequent i r r a d i a t i o n o f m-dibenzoylbenzene i n dichloromethane gave 
at l e a s t one product i n a d d i t i o n t o unreacted m-dibenzoylbenzene, and 
the crude m a t e r i a l obtained from the r e a c t i o n mixture was orange-brown 
i n contrast to the white or pale yellow products obtained from successful 
i r r a d i a t i o n s . Again i n f r a r e d spectroscopy i n d i c a t e d the presence of OH 
groups. 
I r r a d i a t i o n s i n dichloromethane thus appeared to i n v o l v e a not 
unreasonable a b s t r a c t i o n r e a c t i o n from the solvent. Hydrogen a b s t r a c t i o n 
followed by polymerization processes (not i n v o l v i n g oxetane r i n g formation) 






Polymers have s u c c e s s f u l l y been prepared by step-growth photo-
polymerizations u t i l i z i n g the Paterno-Buchi r e a c t i o n and y i e l d i n g 
polymers w i t h oxetane r i n g s i n the main chains. Hydrogen a b s t r a c t i o n 
reactions appear t o have been the major competing r e a c t i o n s , accounting 
f o r the presence of OH groups i n polymers. Polymerizations w i t h t e t r a -
m ethylallene as diene were more successful than polymerizations w i t h 
furan, the p h y s i c a l p r o p e r t i e s of the tetramethylallene-diketone polymers 
being consistent w i t h , e s s e n t i a l l y , the formation of l i n e a r polymers, and 
ab s t r a c t i o n r e a c t i o n s , as expected, leading t o propagation of the polymer 
chain. The physic a l p r o p e r t i e s of the polymers prepared from f u r a n as 
diene, on the other hand, generally suggested t h a t some re a c t i o n s 
oc c u r r i n g during the photopolymerization r e s u l t e d i n branching and/or 
c r o s s l i n k i n g . Some possible branching r e a c t i o n s have been considered, 
and one of the major branching r e a c t i o n s may w e l l r e s u l t from a b s t r a c t i o n 
of hydrogen atoms a to furan residue oxygens. Photopolymerizations have 
been performed i n benzene solvent; dichloromethane i s u n s u i t a b l e . 
Polybenzopinacols have also been prepared, by i r r a d i a t i o n o f 
diketones i n 50:50 v/v benzene-isopropanol solvent mixtures, and also 
by i r r a d i a t i o n i n benzene-isopropanol mixtures containing more than 50% 
by volume o f benzene. The l a t t e r solvent mixtures y i e l d e d the more 
soluble and generally higher molecular weight polymers. 
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Contrary to e a r l i e r r e p o r t s , ' m-dibenzoylbenzene was found to 
r e a d i l y undergo photopolymerization reactions y i e l d i n g polybenzopinacols 
and polyoxetanes. The D.P.'s obtained w i t h m-dibenzoylbenzene as diketone 
were comparable w i t h those from 4,4'-dibenzoyldiphenylalkane diketones, 
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consistent w i t h the s i m i l a r i t i e s between the absorption spectra of these 
diketones, as discussed i n Chapter 3. p-Dibenzoylbenzene, where the 
* 
n -» TT absorption of the carbonyl chromophore was less w e l l resolved from 
* 89 the n -» n absorption, gave only oligomeric m a t e r i a l . Pearson has 
shown t h a t the course of the r e a c t i o n of p-dibenzoylbenzene i r r a d i a t e d 
i n isopropanol i s complex and v a r i a b l e . I n the course of the present 
work, a l l polymers from p-dibenzoylbenzene have shown anomalous 
absorptions i n the 1700-1800 cm ^ region of t h e i r i n f r a r e d spectra. 
Improved furan-diketone polymers containing p-dibenzoylbenzene residues 
could be prepared by i r r a d i a t i o n of furan-p-dibenzoylbehzene 2:1 adduct 
w i t h a more r e a c t i v e diketone. 4,4'-Dibenzoyldiphenyl f a i l e d t o 
photopolymerize w i t h t e t r a m e t h y l a l l e n e , consistent w i t h the submergence 
* * 91 of i t s n TT absorption under the TT -• TT absorption and i t s reported 
f a i l u r e to give a polybenzopinacol. 
whereas polymers from t e t r a m e t h y l a l l e n e as diene appeared to be 
stable at room temperature, furan adducts and polymers were unstable, 
storage f o r several months at room temperature causing n o t i c e a b l e change 
i n t h e i r i n f r a r e d spectra. Several hypotheses can be advanced to account 
f o r t h i s observation, but f i r m conclusions have not been drawn. 4,4'-
Dibenzoyldiphenyl ether f a i l e d to give a furan 2:1 adduct, a strong 
absorption at ca.1730 cm * i n the i n f r a r e d spectrum of .the product from 
attempts to prepare the adduct being consistent w i t h the hypothesis t h a t 
a process comparable to the rea c t i o n s which occur slowly on storage of 
other furan adducts and polymers i s much more r a p i d , or i s photochemically 




4.32 Photopolymerization of Aromatic Diketones w i t h Tetramethylallene, 
and Related I n v e s t i g a t i o n s 
Aromatic diketones were prepared as described i n Chapter 3. 
Tetramethylallene was purchased from A l d r i c h Chemical Co. Inc. and used 
as obtained. Examination by n.m.r. and v.p.c. i n d i c a t e d no detectable 
i m p u r i t i e s . 
(a) General Method of Polymerization 
Benzene s o l u t i o n s c o n t a i n i n g equimolar q u a n t i t i e s of aromatic 
diketone and TMA were i r r a d i a t e d at 350 nm. 
A s o l u t i o n of the diketone i n benzene was placed i n a c y l i n d r i c a l 
Pyrex r e a c t i o n vessel and dry ^  w a s hubbled through the s o l u t i o n f o r 
at l e a s t 30 minutes. The TMA, a l:'.quid b.p. 70°, was then i n j e c t e d from 
a c a l i b r a t e d micro syringe i n t o the s o l u t i o n v i a the n i t r o g e n streaming 
system. The use of a c a l i b r a t e d micro syringe provided an accurate 
means of measuring TMA q u a n t i t i e s . Q u a n t i t i e s of TMA were also checked 
by d i f f e r e n c e weighings, v e r i f y i n g t h a t the micro syringe used gave h i g h l y 
reproducible r e s u l t s . A f t e r i n j e c t i o n of the TMA, the benzene s o l u t i o n 
was streamed w i t h n i t r o g e n f o r a f u r t h e r few minutes. The r e a c t i o n 
vessel was then q u i c k l y stoppered w i t h a ground glass stopper and the 
s o l u t i o n i r r a d i a t e d i n a Rayonet Type RPR-204 prep a r a t i v e photochemical 
reactor f i t t e d w i t h four RUL-3500A* lamps. The r e a c t i o n temperature 
o 
was ca. 30 C. 
A f t e r i r r a d i a t i o n the s o l u t i o n s were clear and e i t h e r c o l o u r l e s s or 
pale yellow. Solutions were t r a n s f e r r e d to round-bottomed f l a s k s , and 
benzene solvent was removed by freeze d r y i n g t o y i e l d white or pale yellow 
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polymers, q u a n t i t a t i v e l y , as f i n e powders. Crude polymers were generally 
dissolved i n a few ml. of dry solvent benzene and p r e c i p i t a t e d by dropwise 
a d d i t i o n of the benzene s o l u t i o n to dry, s t i r r e d A.R. 40-60° petroleum 
ether (3-4 times the volume of benzene solvent used). The p r e c i p i t a t e d 
polymer was f i l t e r e d o f f and freeze d r i e d from benzene s o l u t i o n . 
Q u a n t i t i e s and concentrations of rea c t a n t s , i r r a d i a t i o n times and s t a t e 
of s o l u t i o n s a f t e r i r r a d i a t i o n , f o r t y p i c a l experiments, are recorded i n 
Table 4.12 together w i t h a n a l y t i c a l data. I n f r a r e d spectra of polymers are 
recorded i n Appendix C, and molecular weights and m e l t i n g c h a r a c t e r i s t i c s 
are given i n Table 4.2. 
(b) I r r a d i a t i o n of Benzophenone and Tetramethylallene i n Benzene 
The procedure was as f o r aromatic diketone-TMA photopolymerizations. 
Bensophenone (1.824 g., 0.0100 moles) and TMA (1.174 g., 0.0122 moles) 
dissolved i n benzene (17 ml.) were i r r a d i a t e d f o r 113 hours at 350 nm. 
A f t e r i r r a d i a t i o n the r e s u l t i n g colourless s o l u t i o n was t r a n s f e r r e d to a 
round-bottomed f l a s k and freeze d r i e d , y i e l d i n g a white s o l i d . Thin layer 
chromatography of the crude s o l i d on s i l i c a g e l , developing w i t h benzene, 
showed at lea s t four components. The i n f r a r e d spectrum of the product 
mixture i s recorded i n Appendix C. 
(c) E f f e c t of HC1 on PolyTMAM 
PolyTMAM (0.27 g., molecular weight 6100) was dissolved i n 
benzene (15 m l . ) , and HC1 gas was bubbled slowly through the s o l u t i o n f o r 
3 nr. The s o l u t i o n , i n i t i a l l y a straw yellow colour, darkened to a 
medium yellow colour during passage of the HC1. The r e s u l t i n g s o l u t i o n 
was freeze d r i e d to y i e l d a pale yellow s o l i d (molecular weight 1100). 
The i n f r a r e d spectrum i s recorded i n Appendix C. 
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(d) E f f e c t of I n i t i a l Monomer Concentration on Molecular Weight of 
PolyTMAl A t t a i n e d a f t e r I r r a d i a t i o n f o r 22 Hours 
Seven s o l u t i o n s , each equimolecular i n 4,4 1-dibenzoyldiphenyl-
methane and t e t r a m e t h y l a l l e n e , containing the monomers at concentrations 
of 0.00335, 0.00693, 0.0136, 0.0319, 0.0531, 0.0885 and 0.1117M, i n 
benzene solvent (20 ml.) were prepared i n i d e n t i c a l c y l i n d r i c a l Pyrex 
re a c t i o n vessels i n the conventional manner. 
The s o l u t i o n s were placed i n a Rayonet MGR-100 Merry-Go-Round f i t t e d 
w i t h i n a Rayonet Type RPR-208 preparative photochemical reactor equipped 
w i t h 8 RUL-3500A1 lamps. The s o l u t i o n s were i r r a d i a t e d f o r 22 h r , and a f t e r 
i r r a d i a t i o n the r e s u l t i n g polymers were recovered by freeze d r y i n g and 
molecular weights of the i n d i v i d u a l polymers measured. 
Molecular weights of crude polymers ( i n order of increasing i n i t i a l 
monomer concentration) were 2100, 3000, 3800, 5400, 7500, 9900 and 10,600. 
(e) E f f e c t of the Period of I r r a d i a t i o n on Molecular Weight of 
PolyTMAl 
Eight s o l u t i o n s containing 4,4'-dibenzoyldiphenylmethane (0.1500 g., 
0.000398 moles) and te t r a m e t h y l a l l e n e (0.0383 g., 0.000398 moles) i n 
benzene (20 m l . ) , g i v i n g s o l u t i o n s 0.0199M i n each r e a c t a n t , were 
prepared i n i d e n t i c a l Pyrex r e a c t i o n vessels i n the conventional manner. 
The Pyrex r e a c t i o n vessels were placed i n a Rayonet MGR-100 Merry-
Go-Round f i t t e d w i t h i n a Rayonet Type RPR-208 prep a r a t i v e photochemical 
reactor equipped w i t h 8 RUL-350oX lamps, and the s o l u t i o n s i r r a d i a t e d . 
Solutions were removed a f t e r i r r a d i a t i o n periods of 0.37, 0.6, 1.0, 
1.2, 1.5, 2.05, 3.0 and 20 hr. and crude polymers recovered by freeze 
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drying and molecular weights determined. Molecular weights of the 
polymers ( i n order of increasing i r r a d i a t i o n period) were 770, 1000, 
1850, 2570, 3400, 4070, 4220 and 4450. 
A f u r t h e r s i x i d e n t i c a l s o l u t i o n s were i r r a d i a t e d i n a s i m i l a r 
manner f o r periods of 15.4, 24.1, 40.5, 63.7, 87.9 and 160 h r . Molecular 
weights of the crude polymers were determined, as above, to be 4640, 4560, 
4590, 4600, 4470 and 4400 r e s p e c t i v e l y . 
( f ) P y r o l y s i s of PolyTMAl 
PolyTMAl (0.420 g., molecular weight 10,000) was placed i n a 
round-bottomed f l a s k and the l a t t e r f i t t e d to conventional vacuum 
t r a n s f e r apparatus, the other limb of the t r a n s f e r apparatus leading to 
a tr a p cooled i n l i q u i d a i r . 
-3 
The polymer, at a pressure of ca.10 mm.Hg, was heated f a i r l y 
r a p i d l y . Atca.200°C darkening and s o f t e n i n g occurred. Bubbles appeared 
i n the softened m a t e r i a l at 260°C. The polymer was maintained at a 
temperature of 280-290°C f o r 1.5 h r . , during which period d r o p l e t s of 
yellow viscous o i l formed around the neck of the f l a s k c o n t a i n i n g the 
polymer. A brown residue remained at the conclusion of the p y r o l y s i s and 
a white s o l i d (0.015 g.) v a p o r i z i n g at room temperature, was observed 
i n the cold t r a p . 
An i n f r a r e d spectrum o f the trapped v o l a t i l e m a t e r i a l showed peaks 
at ca. 3120-3030 cnT 1(m), 3000-2860 cnT^m), 2350 cnf^m-w), 1960 cm - 1(w), 
1800 cm" 1(w), 1740 cm - 1(m), 1480 cm~ 1(m), 1375 cm _ 1(m-w), 1220 cm"1(m-w), 
1040 cm~^(m), 797 cm *(w), 730 cm * ( w ) , 673 cm *"(s). I n f r a r e d spectra of 
the residues i n the p y r o l y s i s f l a s k both corresponded, i n terms of gross 
i 
s t r u c t u r e , to 4,4 1-dibenzoyldiphenylmethane. 
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A mass spectrum of the v o l a t i l e m a t e r i a l showed prominent peaks at 
m/e 92, 91, 78 (base peak), 77, 68, 58, 57, 56, 52, 51, 50, 44, 43, 42, 
41, 39, 28. 
4.33 Studies w i t h Furan as Diene 
Laboratory reagent grade furan was f r a c t i o n a l l y d i s t i l l e d twice 
(column 15 cm x 2 cm diameter, glass h e l i c e s ) , c o l l e c t i n g the f r a c t i o n 
b.p. 31.5-32.5°C, and used immediately. Aromatic diketones were prepared 
as described i n Chapter 3. 
(a) D i r e c t I r r a d i a t i o n of an Equimolar S o l u t i o n of m-Dibenzoylbenzene 
and Furan i n Benzene 
A s o l u t i o n pf m-dibenzoylbenzene (4.000 g., 0.01397 moles) i n 
benzene (70 ml.) wan placed i n a Pyrex ampoule and furan (0.951 g., 
0.0139 moles) syringed d i r e c t l y i n t o the s o l u t i o n . The r e s u l t i n g 
s o l u t i o n was degassed by two freeze-thaw cycles and the ampoule sealed 
under vacuum. The s o l u t i o n was i r r a d i a t e d f o r 670 h r . at 350 nm, using 
a Rayonet Type RPR-204 preparative photochemical re a c t o r f i t t e d w i t h four 
RUL-3500°i lamps. The r e a c t i o n temperature was ca.30°C. A f t e r i r r a d i a t i o n 
the s o l u t i o n was clear and of medium yellow colour. 
Product was recovered by freeze drying t o y i e l d a pale yellow s o l i d , 
molecular weight 1250. The i n f r a r e d spectrum of the s o l i d i s recorded 
i n Appendix C. 
(b) Preparation of Furan-Aromatic Diketone 2:1 Adducts 
A s o l u t i o n of the aromatic diketone i n a large excess of furan 
was placed i n a c y l i n d r i c a l Pyrex ampoule, degassed by 2-3 freeze-thaw 
cycles and the ampoule sealed w i t h the contents frozen and under vacuum. 
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A f t e r c a r e f u l thawing the furan s o l u t i o n was i r r a d i a t e d i n a Rayonet 
Type RP4-204 preparative photochemical reactor f i t t e d w i t h four RUL-
3500A* lamps ( r e a c t i o n temperature ca.30°C). A f t e r i r r a d i a t i o n , s o l u t i o n s 
were g e n e r a l l y clear and colourless or straw yellow. Furan was removed by 
vacuum t r a n s f e r t o give the products as white or creamy-white s o l i d s . 
Yields were q u a n t i t a t i v e f o r formation of 2:1 adducts. 
Owing to the low s o l u b i l i t y o f 1,2-(4,4'-dibenzoyldiphenyl)ethane 
i n f u ran, i t was necessary to use a mixed solvent o f furan and benzene 
to o b t a i n furan adduct on a pre p a r a t i v e scale. 
Thin layer chromatography of the products obtained d i r e c t l y a f t e r 
i r r a d i a t i o n s and on removal of the furan showed only a s i n g l e sharp 
component. 
Data on t y p i c a l preparations of i n d i v i d u a l furan adducts i s recorded 
i n Table 4.13. I n f r a r e d spectra of the adducts are recorded i n Appendix 
C, and molecular weight and m e l t i n g p o i n t data are recorded i n Table 4.3 
and s e c t i o n 4.16 r e s p e c t i v e l y . 
(c) I r r a d i a t i o n of More Concentrated Solutions of Aromatic Diketones 
i n Furan 
Experimental procedures were as described f o r other i r r a d i a t i o n s 
of aromatic diketones i n furan. 
( i ) 4,4'-Dibenzoyldiphenylmethane 
4 4'-Dibenzoyldiphenylmethane (0.500 g., 0.00133 mole) i n 
furan (10 ml.) was i r r a d i a t e d at 350 nm f o r 290 hr. The s o l u t i o n was 
colourless and clear a f t e r i r r a d i a t i o n . Furan was removed by vacuum 
t r a n s f e r to y i e l d a white s o l i d , molecular weight 617. An i n f r a r e d 
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TABLE 4.13 
Preparation of Furan-Diketone 2:1 Adducts 
Diketone 2:1 Adduct 
Quantities of Reactants M o l a r i t y of 
So l u t i o n 
I r r a d i a t e d 
I r r a d i a t i o n 
Period 9 
(hr x 10" ) Diketone (g) Furan (ml) 
(40) DiFM 1.950 200 0.0340 3.1 
(41) DiFP 1.400 150 0.0326 5.8 
' (42) - 1.400 150 0.0246 3.8 
(44) D i F l 1.700 160 0.0282 5.3 
(45) DiF2 0.402 55 a 1.7 
(46) DiF3 0.332 80 0.0103 5.6 
(47) DiF4 0.900 140 0.0154 3.3 
(48) DiF5 0.110 30 0.0085 3.5 
(49) DiF6 0.900 100 0.0201 4.4 
(50) DiFlO 0.336 80 0.0084 4.7 
Note a) 140 ml. benzene used as cosolvent. 
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spectrum of the product showed no r e s i d u a l C=0 s t r e t c h at 1655 cm , 
several strong absorptions between 1050 and 900 cm ^ and was v i r t u a l l y 
i d e n t i c a l to the spectrum of d i F l recorded i n Appendix C. 
( i i ) m-Dibenzoylbenzene 
m-Dibenzoylbenzene (ca. 2.5 g., 0.0087 moles) i n furan 
(10 ml.) was i r r a d i a t e d at 350 nm f o r 240 hr. At the end of the 
i r r a d i a t i o n period there was a yellow deposit i n the tube. Furan was 
removed by vacuum t r a n s f e r to y i e l d a dark yellow s o l i d . An i n f r a r e d 
spectrum of the s o l i d showed a f a i r l y strong r e s i d u a l C=0 s t r e t c h at ca. 
1660 cm * and several absorptions between 1050 and 900 cm * corresponding 
to those i n the spectrum of diFM. 
(d) I r r a d i a t i o n of Benzophenone i n Furan 
The usual procedure f o r i r r a d i a t i o n s i n f u r a n was followed. 
A s o l u t i o n of benzophenone (0.3916 g., 0.00215 moles) i n furan 
(70 ml.) was i r r a d i a t e d at 350 nm f o r 160 hr. A f t e r i r r a d i a t i o n the 
s o l u t i o n was clear and c o l o u r l e s s . Furan was removed by vacuum t r a n s f e r 
to y i e l d a white s o l i d . 
Thin layer chromatography on s i l i c a g e l , developing w i t h chloroform 
and w i t h benzene, i n d i c a t e d a s i n g l e component. The i n f r a r e d spectrum of 
the product i s recorded i n Appendix C. 
(e) I r r a d i a t i o n of Furan-Aromatic Diketone 2:1 Adducts w i t h Aromatic 
Diketones 
A s o l u t i o n c o n t a i n i n g equimolar q u a n t i t i e s of aromatic diketone 
and corresponding furan-aromatic diketone 2:1 adduct i n benzene was placed 
i n a c y l i n d r i c a l Pyrex r e a c t i o n vessel and dry n i t r o g e n was bubbled 
253. 
through the s o l u t i o n f o r at l e a s t 30 minutes. The r e a c t i o n vessel was 
then q u i c k l y stoppered w i t h a ground glass stopper and the s o l u t i o n 
i r r a d i a t e d i n a Rayonet Type RPR-204 preparative photochemical reactor 
f i t t e d w i t h four RUL-3500?v lamps ( r e a c t i o n temperature ca.30°C). During 
i r r a d i a t i o n some s o l u t i o n s became s l i g h t l y cloudy. 
A f t e r i r r a d i a t i o n , s o l u t i o n s were t r a n s f e r r e d to round-bottomed 
f l a s k s and benzene was removed by freeze d r y i n g to y i e l d polymers as white 
or very pale yellow f i n e powders. Yields of crude polymers corresponded 
v i r t u a l l y q u a n t i t a t i v e l y t o the combined i n i t i a l weight of aromatic 
diketone and 2:1 adduct. 
The q u a n t i t y of diketone used w i t h the furan adduct of l , 2 - ( 4 , 4 ' -
dibenzoyldiphenyl)ethane was c a l c u l a t e d on the basis of the s i g n i f i c a n t l y 
higher molecular weight of the furan adduct,and the assumption t h a t 
the l a t t e r was a mixture of furan-diketone 2:1 and 3:2 adducts. 
Crude polymers were p r e c i p i t a t e d by d i s s o l u t i o n , so f a r as p o s s i b l e , 
i n a few ml. of dry benzene and dropwise a d d i t i o n of t h i s s o l u t i o n to 
dry AR 40-60° petroleum ether. The p r e c i p i t a t e d polymer was f i l t e r e d 
o f f and freeze d r i e d from benzene s o l u t i o n . 
Quantities and concentrations of r e a c t a n t s , i r r a d i a t i o n times, s t a t e 
of s o l u t i o n s a f t e r i r r a d i a t i o n and a n a l y t i c a l data, f o r t y p i c a l photo-
polymerizations and polymers, are recorded i n Table 4.14. I n f r a r e d 
spectra of polymers are recorded i n Appendix C and molecular weights 
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( f ) I r r a d i a t i o n of Benzophenone and Furan i n Benzene 
A s o l u t i o n of benzophenone (9.050 g., 0.04966 moles) i n benzene 
(58 ml.) was p l a c e d i n a Pyrex r e a c t i o n v e s s e l and streamed with n i t r o g e n 
f o r 30 min. Furan (5.620 g., 0.0825 moles), a f t e r being n i t r o g e n streamed 
for 15 min, was i n j e c t e d i n t o the s o l u t i o n v i a the n i t r o g e n streaming 
system. The s o l u t i o n was n i t r o g e n streamed a f u r t h e r few minutes and the 
r e a c t i o n v e s s e l than q u i c k l y stoppered. The s o l u t i o n was i r r a d i a t e d at 350 
nm for 330 h r . i n a Rayonet Type RPR-204 p r e p a r a t i v e photochemical 
r e a c t o r f i t t e d with four RUL-3500A* lamps. At the end of the i r r a d i a t i o n 
p e r i o d there was a p a l e y e l l o w p r e c i p i t a t e at the bottom of the tube 
and the s o l u t i o n was pale yellow. 
Thin l a y e r chromatography of the p r e c i p i t a t e d s o l i d on s i l i c a gel 
(developing with dichloromethane) i n d i c a t e d three major components and 
one minor component. I n f r a r e d spectroscopy showed a very weak absorption 
at 1660 cm ^. 
A p o r t i o n of the p r e c i p i t a t e d s o l i d was r e p e a t e d l y r e c r y s t a l l i z e d 
from benzene to g i v e benzophenone-furan 2:1 adduct (66) as a white s o l i d 
(0.3 g., m.p. 208-210° ( l i t . 2 0 9 -211° 2 6 7), i n f r a r e d spectrum i n Appendix 
C. ) . 
A p o r t i o n of combined crude r e a c t i o n products was r e p e a t e d l y 
r e c r y s t a l l i z e d from THF to g i v e bensophenone-furan 2:1 adduct (65) as a 
white s o l i d (m.p. 191-192.5°, ( l i t . 192-193° 2 6 7)). 
(g) E f f e c t of the P e r i o d of I r r a d i a t i o n on Molecular Weight of PolyFM 
A s o l u t i o n of m-dibenzoylbenzene (0.8000 g., 0.002794 moles) 
and diFM (1.1800 g., 0.002794 moles) i n benzene (80 ml.) was prepared, 
and 10 ml. a l i q u o t s of t h i s s o l u t i o n were placed i n each of e i g h t i d e n t i c a l 
256. 
Pyrex r e a c t i o n v e s s e l s and prepared for i r r a d i a t i o n i n the conventional 
manner. 
The Pyrex v e s s e l s were placed i n a Rayonet MGR-100 Merry-Go-Round 
f i t t e d w i t h i n a Rayonet Type RPR-208 p r e p a r a t i v e photochemical r e a c t o r 
equipped w i t h 8 type RUL-3500A* lamps and the s o l u t i o n s were i r r a d i a t e d . 
Seven of the tubes were removed a f t e r i r r a d i a t i o n periods of 2.55, 
6.5, 11.1, 22.1, 37.4, 56.2, and 78.9 h r . and crude polymers recovered by 
f r e e z e drying and molecular weights determined. Molecular weights of the 
polymers ( i n order of i n c r e a s i n g i r r a d i a t i o n p eriod) were 410, 500, 570, 
740, 1060, 1390 and 1820. 
Samples were withdrawn from the remaining r e a c t i o n v e s s e l a f t e r 
i r r a d i a t i o n periods of 123.0, 166.9 and ca.500 hours. Molecular weights 
of polymers i s o l a t e d from these samples were, r e s p e c t i v e l y , 2230, 2330 
and 2600. 
Monitoring of R e a c t i o n by T h i n Layer Chromatography 
A s o l u t i o n of ra-dibenzoylbenzene (0.1000 g., 0.000349 moles) 
and diFM (0.1475 g., 0.000349 moles) i n benzene (20 ml.) was prepared i n 
the u s u a l manner and i r r a d i a t e d at 350 rim i n a Rayonet Type RPR-204 
p r e p a r a t i v e photochemical r e a c t o r f i t t e d with four RUL- 3500A" lamps. 
Samples of s o l u t i o n were withdrawn a f t e r i r r a d i a t i o n periods of 23 hours, 
62 hours and 119 hours and examined by t h i n l a y e r chromatography on 
s i l i c a g e l (developing w i t h chloroform). The f i r s t two samples both 
showed components corresponding i n R^ value to s t a r t i n g m a t e r i a l s . 
The t h i r d sample showed only a s i n g l e component (R^ v a l u e < 0.02) and 
no evidence of s t a r t i n g m a t e r i a l s . 
257. 
(h) P y r o l y s i s of Furan-Diketone Polymers and 2:1 Adducts 
( i ) P y r o l y s i s of PolyFM 
PolyFM (0.400 g., molecular weight 8000) was placed i n a 
round-bottomed f l a s k and the l a t t e r f i t t e d to one limb of a conventional 
vacuum t r a n s f e r system, the other limb l e a d i n g to a trap cooled i n 
l i q u i d a i r . 
_3 
The polymer was heated ( a t a p r e s s u r e of ca. 10 mm.Hg), and 
o 
darkening and m e l t i n g occurred at ca.210-240 C. The polymer was maintained 
at a temperature of 245-250°C for a period of 2 hr., during the e a r l y 
stages of which bubbles formed i n the polymer and a white s o l i d began to 
c o l l e c t i n the t r a p . The polymer slowly shrank to a b l a c k r e s i d u e and 
d r o p l e t s of v i s c o u s orange-yellow m a t e r i a l c o l l e c t e d around the neck of 
the p y r o l y s i s f l a s k . 
Trapped v o l a t i l e m a t e r i a l was i d e n t i f i e d by v . p . c , i n f r a r e d 
spectroscopy and mass spectroscopy as furan (0.0265 g . ) . The orange-
yellow v i s c o u s m a t e r i a l was i d e n t i f i e d by i n f r a r e d spectroscopy as 
e s s e n t i a l l y m-dibenzoylbenzene. The b l a c k r e s i d u e showed a strong 
absorption at ca.1660 cm ^ i n i t B i n f r a r e d spectrum. Absorptions i n the 
1100-900 cm ^ re g i o n were g e n e r a l l y l a r g e l y weakened compared to 
corresponding absorptions i n polyFM. 
( i i ) P y r o l y s i s of P o l y F l 
P o l y F l ( c a . 0.04 g. samples, molecular weight 4300) 
contained i n a round-bottomed f l a s k and f i t t e d to the vacuum t r a n s f e r 
system as above, was heated ( a t a p r e s s u r e of ca.10 mm.Hg) under the 
f o l l o w i n g c o n d i t i o n s : 
258. 
i ) 100-120°C for 2 hr. 
i i ) 200-205°C for 2 hr. 
i i i ) 270°C for 2 hr. 
Tra c e s of trapped v o l a t i l e s were obtained i n each case, but i n i n s u f f i c i e n t 
q u a n t i t i e s to allow c h a r a c t e r i z a t i o n . The i n f r a r e d s p e c t r a of the 
r e s i d u e s have been d i s c u s s e d e a r l i e r - see Table 4.7. 
( i i i ) P y r o l y s i s of D i F l 
D i F l (0.183 g.) was p l a c e d i n a round-bottomed f l a s k and 
the f l a s k f i t t e d to the vacuum t r a n s f e r system as above. The adduct was 
heated for 5 hr. at a temperature of 130-150°C and a p r e s s u r e of ca.10 ^ 
mm.Hg. At the end of the p y r o l y s i s , a c l e a r c o l o u r l e s s r e s i d u e remained 
i n the f l a s k , s e t t i n g to a white s o l i d on standing. I n f r a r e d spectroscopy 
of the s o l i d showed strong absorptions at 1730 cm ^ and 1140 cm \ and a 
medium-weak absorption a t 1660 cm * i n a d d i t i o n to b a s i c absorptions of 
d i F l . I n s u f f i c i e n t v o l a t i l e s were c o l l e c t e d to allow c h a r a c t e r i z a t i o n . 
( i ) P r e p a r a t i o n of Furan-Aromatic Diketone Polymers Derived from 
Two D i f f e r i n g Diketone Monomers 
Furan-diketone 2:1 adducts were photopolymerized w i t h a diketone 
d i f f e r i n g from the diketone r e s i d u e of the 2:1 adduct. The experimental 
procedure was e x a c t l y as d e s c r i b e d for conventional 2:1 adduct-diketone 
p o l y m e r i z a t i o n s . Data for the pho t o p o l y m e r i z a t i o n s i s given i n Ta b l e 4.15, 
together with a n a l y t i c a l data on the polymers. I n f r a r e d s p e c t r a of the 
polymers are recorded i n Appendix C and molecular weights and m e l t i n g 
c h a r a c t e r i s t i c s are given i n Table 4.8. Y i e l d s of crude polymers were 
q u a n t i t a t i v e for photoaddition between 2:1 adduct and diketone. 
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4.34 S t u d i e s with 2,5-Dimethylfuran as Dlene 
' P r a c t i c a l ' grade 2,5-dimethylfuran was f r a c t i o n a t e d as d e s c r i b e d 
fo r furan, c o l l e c t i n g the f r a c t i o n b.p. 93.0-93.5°. 
Diketones were prepared as d e s c r i b e d i n Chapter 3. 
(a ) I r r a d i a t i o n of 4,4'-Dibenzoyldiphenylmethane i n 2,5-Dimethylfuran 
A s o l u t i o n of 4,4'-dibenzoyldiphenylmethane (0.298 g., 0.000791 
moles) i n 2,5-dimethylfuran (45 ml.) was placed i n a Pyrex ampoule, 
degassed by three freeze-thaw c y c l e s and the ampoule s e a l e d under vacuum. 
The r e s u l t i n g s o l u t i o n was i r r a d i a t e d at 350 nm for 240 h r . i n a Rayonet 
Type RP4-204 p r e p a r a t i v e photochemical r e a c t o r f i t t e d w i t h four RUL-3500°v 
lamps. At the end of the i r r a d i a t i o n period the s o l u t i o n was c l e a r and 
a very p a l e yellow. 
A f t e r i r r a d i a t i o n , excess 2,5-dimethylfuran was removed by vacuum 
t r a n s f e r to y i e l d an almost white v i s c o u s m a t e r i a l . T h i s was d i s s o l v e d i n 
benzene and f r e e z e d r i e d to y i e l d a white s o l i d . T h i n l a y e r chromatography 
on s i l i c a g e l (developing w i t h chloroform) showed at l e a s t four 
components although none corresponded i n R^ val u e to s t a r t i n g m a t e r i a l . 
An i n f r a r e d spectrum i n c l u d e d the f o l l o w i n g absorptions :ca. 3500 cm 1 
(w), 1710 cm _ 1(w/m), 1665 c m _ 1 ( s ) , 1200-900 cm"1 ( s e r i e s of absorptions 
w i t h peaks of i n t e n s i t y at 1200, 1130, 1020, 990, 975 and 920 cm"1 (m 
to s ) ) . 
(b) P r e p a r a t i o n of Polymers from Aromatic Diketones and 2,5-
Dimethylfuran 
Two diketones, m-dibenzoylbenzene and l , 4 - ( 4 , 4 ' - d i b e n z o y l d i p h e n y l ) 
butane,were used. Experimental procedure was as d e s c r i b e d for photopoly-
m e r i z a t i o n s with TMA as diene, the 2,5-dimethylfuran being i n j e c t e d through 
the n i t r o g e n streaming system. 
261. 
A f t e r i r r a d i a t i o n at 350 nm, s o l u t i o n s were completely c l e a r , and 
polymer recovery and p r e c i p i t a t i o n was as d e s c r i b e d for furan-diketone 
polymers. Data on the photopolymerizations i s given i n Table 4.16, 
together w i t h elemental a n a l y s e s . I n f r a r e d s p e c t r a of the polymers are 
recorded i n Appendix C and molecular weights and melting c h a r a c t e r i s t i c s 
are given i n Table 4.9. Y i e l d s of crude polymers were q u a n t i t a t i v e for 
photoaddition between diketone and diene. 
4.35 I r r a d i a t i o n of Aromatic Diketones i n Benzene 
(a) m-Dibenzoylbenzene 
A s o l u t i o n of m-dibenzoylbenzene (0.40 g., 0.00140 moles) i n 
benzene (20 ml.) was p l a c e d i n a Pyrex r e a c t i o n v e s s e l , streamed w i t h 
n i t r o g e n for 1 hr., the tube q u i c k l y stoppered and the s o l u t i o n i r r a d i a t e d 
for 63 hr. at 350 nm i n a Rayonet Type RPR-204 p r e p a r a t i v e photochemical 
r e a c t o r f i t t e d w i t h four RUL-3500A* lamps. 
A f t e r i r r a d i a t i o n the s o l u t i o n was c l e a r and pale yellow. Thin l a y e r 
chromatography of the s o l u t i o n on s i l i c a g e l (developing w i t h chloroform) 
showed two components, a major one corresponding i n R^ val u e to m-
dibenzoylbenzene, and an extremely weak component of s l i g h t l y lower R^ 
value. Benzene s o l v e n t was removed from the r e a c t i o n mixture to y i e l d a 
pale yellow s o l i d , the i n f r a r e d spectrum of which corresponded to that 
of m-dibenzoylbenzene with an a d d i t i o n a l weak, though d e f i n i t e , 
absorption at ca.3450 cm . 
(b) 4,4'-Dibenzoyldiphenylmethane 
Two s o l u t i o n s c o n t a i n i n g 4,4'-dibenzoyldiphenylmethane (0.400g., 
0.00106 moles) i n benzene (10 ml.) were prepared and i r r a d i a t e d , as i n 
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( a ) , for periods of 89 and 1130 hr. At the end of the i r r a d i a t i o n p eriods, 
there were s l i g h t p r e c i p i t a t e s i n both tubes and s o l u t i o n s were pale 
yellow. Thin l a y e r chromatography of the s o l u t i o n s on s i l i c a g e l 
(developing with chloroform) showed a l a r g e amount of t a i l i n g of the 
observed component, the head of which corresponded i n value to 
s t a r t i n g m a t e r i a l . 
Benzene s o l v e n t was removed by f r e e z e drying to y i e l d pale y e l l o w 
s o l i d s . I n f r a r e d s p e c t r a were v i r t u a l l y i d e n t i c a l showing weak absorptions 
at ca.3500 cm ^ and 1500 cm ^ i n a d d i t i o n to those corresponding to 
4,4'-dibenzoyldiphenylmethane. 
/ 
4.36 Pre p a r a t i o n of Polybenzopinacols 
(a) By I r r a d i a t i o n of Aromatic Diketones i n 50:50 v/v Mixtures of 
Benzene-Isopropanol 
A s o l u t i o n of diketone i n a 50:50 v/v mixture of benzene-
isopropanol was p l a c e d i n a c y l i n d r i c a l Pyrex r e a c t i o n v e s s e l and dry 
n i t r o g e n was bubbled through the s o l u t i o n for at l e a s t 30 minutes. The 
r e a c t i o n v e s s e l was then q u i c k l y stoppered w i t h a ground g l a s s stopper and 
the s o l u t i o n i r r a d i a t e d i n a Rayonet Type RPR-204 p r e p a r a t i v e photochemical 
r e a c t o r f i t t e d w i t h four RUL- 3500A lamps. I n most cases a white or 
pale yellow s o l i d p r e c i p i t a t e d out during the i r r a d i a t i o n . 
A f t e r i r r a d i a t i o n the s o l u t i o n was t r a n s f e r r e d to a round-bottomed 
f l a s k and s o l v e n t removed by f r e e z e drying to y i e l d white or p a l e yellow 
polymer. F r e e z e drying n e c e s s i t a t e d s e v e r a l r e f r e e z i n g s of the polymer/ 
benzene-isopropanol mixture. Recoveries by weight of product, i n s e v e r a l 
c a s e s , were s l i g h t l y i n excess of v a l u e s c a l c u l a t e d for q u a n t i t a t i v e 
photoreductive coupling. Drying of samples of polymers for 3 days under 
reduced p r e s s u r e at 77°C made l i t t l e d i f f e r e n c e to product weight. 
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Data for the photopolymerizations i s given i n Table 4.17. Weights 
of recovered m a t e r i a l are given only where a l l p r e c i p i t a t e d m a t e r i a l and 
s o l u t i o n were f r e e z e d r i e d . I n f r a r e d s p e c t r a of crude polymers are 
recorded i n Appendix C, and molecular weights and melting c h a r a c t e r i s t i c s 
are given i n Table 4.10. 
P r e c i p i t a t i o n s of p o l y p i n a c o l 1 and po l y p i n a c o l 4 were attempted by 
d i s s o l u t i o n of polymer samples i n a few ml. of dry DMSO and dropwise 
a d d i t i o n of the s o l u t i o n to an excess of AR methanol. The r e s u l t i n g 
p r e c i p i t a t e d m a t e r i a l was f i l t e r e d o f f and d r i e d ' i n vacuo*. I n f r a r e d 
s p e c t r a of p r e c i p i t a t e d polymers showed a new very broad absorption a t 
3500-3300 cm \ i n d i c a t i v e of absorbed methanol. Heating of these 
p r e c i p i t a t e d polymers for 3 days at 77°C under reduced p r e s s u r e (ca.10 ^ 
mm.Hg) f a i l e d to remove absorbed methanol. 
(b) By I r r a d i a t i o n of Aromatic Diketones i n Benzene-Isopropanol 
Solvent Mixtures Containing Greater than 50% Benzene 
The procedure was as de s c r i b e d for p o l y m e r i z a t i o n s i n 50:50 v/v 
benzene-isopropanol. Polymers di d not p r e c i p i t a t e out during i r r a d i a t i o n . 
Data f o r photopolymerizations i s given i n Table 4.18. I n f r a r e d s p e c t r a 
of polymers are recorded i n Appendix C and molecular weights and melting 
c h a r a c t e r i s t i c s are given i n Table 4.11. Polymers were not p r e c i p i t a t e d . 
( c ) I r r a d i a t i o n of P o l y p i n a c o l 1 i n the S o l i d S t a t e 
A t h i n l a y e r of s o l u b l e p o l y p i n a c o l 1 was c a s t around the i n s i d e 
of a 250 ml. round-bottomed f l a s k by p l a c i n g a s o l u t i o n of p o l y p i n a c o l 1 
(0.108 g.) i n benzene (10 ml.) i n the f l a s k , and removing the benzene by 
fr e e z e drying. The r e s u l t i n g s o l i d was i r r a d i a t e d under a p r e s s u r e of 
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photochemical r e a c t o r f i t t e d w ith four RUL- 3500& lamps. During 
i r r a d i a t i o n , t h e i n i t i a l l y white s o l i d turned yellow. 
An i n f r a r e d spectrum on the i r r a d i a t e d s o l i d showed a medium 
strength absorption a t 1655 cm 1 i n a d d i t i o n to peaks present i n the 
s t a r t i n g m a t e r i a l . 
S t a r t i n g m a t e r i a l and product (0.009 g. of each) were shaken 
s e p a r a t e l y w i t h benzene ( c a . 0.5 m l . ) . The s t a r t i n g m a t e r i a l d i s s o l v e d i n 
the benzene but the i r r a d i a t i o n product s t i l l remained l a r g e l y u n d i s s o l v e d 
even a f t e r shaking f o r 2 days. 
4.37 Experiments with Dichloromethane as Solvent 
A l l i r r a d i a t i o n s were c a r r i e d out w i t h a Rayonet Type RPR-204 
p r e p a r a t i v e photochemical r e a c t o r f i t t e d w i t h four RUL-3500X lamps. 
(a) I r r a d i a t i o n of 1,2-(4,4'-DibenzoyldiphenyDethane i n a F u r a n -
Dichloromethane Mixture 
The procedure was e n t i r e l y analogous to that d e s c r i b e d for 
p r e p a r a t i o n of furan-diketone 2:1 adducts. l,2-(4,4'-Dibenzoyldiphenyl) 
ethane (1.000 g., 0.00256 moles) was i r r a d i a t e d i n a mixture of furan 
(100 ml.) and dichloromethane (80 ml.) f o r 340 hr. A f t e r i r r a d i a t i o n 
the s o l u t i o n was yellow. Solvents were removed by vacuum t r a n s f e r to y i e l d 
an orange-yellow s o l i d (1.518 g., molecular weight 1010). An i n f r a r e d 
spectrum of the s o l i d included a medium-strong absorption at ca.3400 cm 1 
and a weak-medium st r e n g t h r e s i d u a l C O s t r e t c h a t ca. 1660 cm 1 . There 
was r e l a t i v e l y l i t t l e absorption between 1000 and 900 cm ^. 
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(b) I r r a d i a t i o n o f an Equimolar S o l u t i o n o f 1, 2-(4,4 ' - D i b e n z o y l d i p h e n y l ) 
ethane and T e t r a m e t h y l a l l e n e i n D i c h l o r o m e t h a n e 
The p r o c e d u r e was as d e s c r i b e d f o r e q u i v a l e n t i r r a d i a t i o n s i n 
benzene s o l v e n t . A s o l u t i o n o f 1 , 2 - ( 4 , 4 ' - d i b e n z o y l d i p h e n y l ) e t h a n e 
(1.500 g., 0.00384 moles) and TMA (0.3694 g., 0.00384 m o l e s ) i n 
d i c h l o r o m e t h a n e (60 m l . ) was i r r a d i a t e d a t 350 nm f o r 670 h r . A f t e r 
i r r a d i a t i o n , t h e s o l u t i o n was y e l l o w . Removal o f d i c h l o r o m e t h a n e 
s o l v e n t gave a y e l l o w s o l i d (2.00 g., m o l e c u l a r w e i g h t 1470). An i n f r a r e d 
spectrum o f t h e s o l i d showed a weak-medium s t r e n g t h a b s o r p t i o n a t ca. 
3500 cm \ a r e s i d u a l C=0 s t r e t c h a t 1660 cm 1 and no a b s o r p t i o n between 
1040 and 960 cm" 1. 
( c ) I r r a d i a t i o n o f m-Dibenzoylbenzene i n D i c h l o r o m e t h a n e 
A s o l u t i o n o f m-dibenzoylbenzene (1.3 g., 0.00454 moles) 
i n d i c h l o r o m e t h a n e (20 m l . ) was p l a c e d i n a Pyrex r e a c t i o n v e s s e l , 
streamed w i t h n i t r o g e n f o r 45 min, t h e tube q u i c k l y s t o p p e r e d and t h e 
s o l u t i o n i r r a d i a t e d a t 350 nm f o r 1 month. At t h e end o f t h e i r r a d i a t i o n 
p e r i o d t h e s o l u t i o n was an o r a n g e - y e l l o w c o l o u r . T h i n l a y e r chromatography 
o f t h e s o l u t i o n on s i l i c a g e l ( d e v e l o p i n g w i t h c h l o r o f o r m ) i n d i c a t e d a t l e a s t 
two components, t h e major one c o r r e s p o n d i n g i n R v a l u e t o m-
l 
d i b e n z o y l b e n z e n e . Removal o f d i c h l o r o m e t h a n e s o l v e n t y i e l d e d an orange-
brown s o l i d . An i n f r a r e d spectrum o f t h e s o l i d showed, i n a d d i t i o n t o 
a b s o r p t i o n s c o r r e s p o n d i n g t o m-dibenzoylbenzene, a weak,broad a b s o r p t i o n 
c e n t r e d a t 3450 cm 1 and a s t r o n g a b s o r p t i o n a t 1100 cm \ 
CHAPTER 5 
SOME PRELIMINARY STUDIES ON PHOTOPOLYMERIZATION 
UTILIZING PHOTOENOLIZATION REACTIONS 
269. 
5.1 General Introduction 
I n this chapter some further, though preliminary,investigations on 
possible step-growth photopolymerizations involving diketones are 
described. The proposed polymer growth reactions have the common feature 
of requiring a photochemically induced i n t e r - or intra-molecular 
enolization of diketone. 
In part A, the photochemical oxidative-reductive dimerization of 
acetophenones i s considered as a model reaction. Part B i s devoted to 
a discussion of the photoenolization of 2-alkylbenzophenones and subsequent 
addition of the photoenols to dienophiles as possible model reactions 




5.2 The Photochemical Oxidatlve-Reductive Dimerlzation of Acetophenones 
(a) Scope of the Reaction 
I r r a d i a t i o n of acetophenone containing a c a t a l y t i c quantity of 
phenol and using u l t r a v i o l e t l i g h t f i l t e r e d through Pyrex results i n 
oxidative-reductive dimerization of acetophenone according to equation 
0 I I <o>- hv C-CH -CH C-CH 3 phenol II 2 2 H 
0 (91) 0 
(5.1) 
+ CH3-C C-CH 
OH OH 
(92) 
Products have been isolated i n greater than 85% y i e l d and no side-
products detected by vapour phase chromatography. Reaction also proceeds 
i n acetone solution but i r r a d i a t i o n without solvent i s reported to be 
preparatively advantageous. 
4-Methylacetophenone and 3,4-dimethyldcetophenone undergo a 
286 
corresponding reaction i n the presence of phenol, 
(b) Mechanism 
A mechanism for the reaction has been proposed, involving a 
phenol-catalyzed photoenolization of acetophenone according to the scheme 
(5.2). 
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PhOOCH3 ^^—5^- PhCOCH3* (sin g l e t ) 
n tt 
PhOOCH,* (si n g l e t ) l n t e r s y 8 t e m > PhCOCH * ( t r i p l e t ) 3 crossing 3 v 
* H 
PhCOCH ( t r i p l e t ) + PhOH -• , C 
3 H' I 
H 
-» Ph-C-CH. + PhOH I 2 
OH 
(93) 
Oxidation of acetophenone enol (93) by acetophenone t r i p l e t 
produces a semipinacol r a d i c a l (94) and an enoxy radical (95), both of 
which dimerize to give the products (92) and (91), according to the 
scheme (5.3). 
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PhCOCH3 ( t r i p l e t ) + Ph-C=CH2 Ph-C« + Ph-C=CH„ <—> Ph-C-CH • 
I I 2 " 2 
OH OH 
(94) (95) (5.3) 
dimerization dimerization 
(92) (91) 
The presence of phenol, at a concentration of ca.1% and preferably 
adsorbed on s i l i c a gel, i s essential. In the absence of phenol, 
acetophenone only yielded traces of the products (91) and (92). The 
advantageous effect of having the phenol adsorbed on s i l i c a gel i s thought 
to result from r e s t r i c t i o n of the mobility of phenoxy radicals, thus 
i n h i b i t i n g dissociation of the intermediate radical pair and suppressing 
the possible side-reaction of ir r e v e r s i b l e phenol oxidation. Other phenols, 
t 
such as 2,6-di-t-butylphenol and 2,6-diphenylphenol can also act as 
catalysts, though with less efficiency than phenol i t s e l f . 
A simple ground-state enolization of acetophenone due to the acid i t y 
of phenol was rejected on the grounds that addition of a trace of HC1 
did not show any effect on the photochemical reaction of acetophenone 
i n the absence of phenol, and an attempt to exchange the hydrogen atoms 
of the acetophenone acetyl group for deuterium by shaking acetophenone with 
D^ O i n the presence of phenol was unsuccessful. 
Unlike reaction between t r i p l e t - s t a t e benzophenone and 2,6-
disubstituted phenols, where radical coupling between phenoxy radical and 
287 
ketyl radical has been proposed, a redox reaction occurs with aceto-
phenone to the exclusion of radical coupling. 
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The proposed mechanism involves the p a r t i c i p a t i o n of phenol in the 
formation of an intermolecular six-membered t r a n s i t i o n state with t r i p l e t -
state acetophenone. 2,4-Diraethylacetophenone, in the absence of phenol, 
undergoes photochemical reaction giving (96a), (97a) and polymeric 
, • ^ f K , N 286 material (eq.5.4). 
CH CH 
CH C=0 
-A R" R CH -CH 2 O 0>s-™ 3 ^  LO O o R II CH CH 
(96) 




a) R' = CH3, R" = H 
b) R' = H, R" = CH3 
Similar reaction i s reported for 2,5-dimethylacetophenone, 18% of (96b) 
being isolated from a large amount of nonvolatile reaction products. 
The addition of phenol was without effect on the course of the photo-
reactions of o-methyl-substituted acetophenones. Intramolecular photo-
enolization, yielding photoenols according to the equation (5.5) appeared 
to be favoured over intermolecular hydrogen abstraction from phenol. 
9* hv H CH H ^ « 
OH CH CH 
(5.5) 
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Spectroscopic evidence has been presented for reversible photoenolization 
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of o-methyl-substituted acetophenones. Oxidation of the photoenol 
would then lead to the products. 
(c) Extension of the Reaction to Photopolymerization 
I r r a d i a t i o n of bisacetophenones of the type (98), with phenol 
0 0 I I 
™ 3 " C - < ^ X \ ^ C - C H 3 X = ( C V n 
(98) 
catalyst, might reasonably be expected to y i e l d polymers containing 
structural units as depicted i n (99) and corresponding to (91) and (92) 
OH OH 0 \ 
\ o C-CH -CH.-C 1 m 
CH 
(99) 
obtained from acetophenone. The reported high yields with the acetophenones, 
and the lack of side-reactions, should favour photopolymerization. 
Polymeric material already obtained from o-methyl-substituted 
acetophenones has been attributed to successive coupling reactions of the 
primarily formed bifunctional, photoenolizable reaction products. 
In the present work, 4,4'-diacetyldiphenyl and 4,4'-diacetyldiphenyl-
methane have been investigated. 
DISCUSSION 
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5.3 Preparation and Characterization of 4.4'-Diacetyldiphenyl and 
4.4'-Diacetyldiphenylmethane 
i 
4,4'-Diacetyldiphenyl and 4,4 1-diacetyldiphenylmethane were prepared 
by Friedel-Crafts acetylation of diphenyl and diphenylmethane respectively, 
and were characterized by combinations of melting points, elemental 
analyses, infrared and u l t r a v i o l e t spectroscopy, and mass spectrometry. 
The u l t r a v i o l e t absorption spectrum of 4,4'-diacetyldiphenyl was 
analogous to that of 4,4 1-dibenzoyldiphenyl (Chapter 3) i n so far as the * * n TT absorption was submerged under the T T - » TT absorption (X. 286 nm, 
* 
e 31,000 i n cyclohexane) . The n TT absorption of 4,4 1-diacetyldiphenyl-
* 
methane was observed at \ 320 nm, (e 170), and the TT -• T T absorption 
max 
* 
at 253 nm i n cyclohexane solvent. In 95% ethanol the n -* TT absorption 
* 
was p a r t i a l l y submerged under the TT -* TT absorption, the l a t t e r being at X 258 nm (e 28,000). max 
5.4 Attempted Photopolymerizations of 4.4'-Diacetyldiphenyl and 4,4'-
Diacetyldiphenylmethane i n the Presence of Phenol Catalyst 
Solution phase i r r a d i a t i o n at 300 nm of 4,4 1-diacetyldiphenyl 
and of 4,4'-diacetyldiphenylmethane, i n the presence of phenol catalyst, 
f a i l e d to produce any sig n i f i c a n t amount of product. 
The f a i l u r e of 4,4'-diacetyldiphenyl to react is not surprising, 
* 
the n TT absorption of the diketone apparently being submerged under 
the TT - » TT absorption and the corresponding lack of r e a c t i v i t y being 
analogous to that of 4,4'-dibenzoyldiphenyl discussed i n Chapters 1 and 4, 
* 
a l l reactions under consideration requiring a reactive n,TT t r i p l e t . 
Dichloromethane was used as solvent, the lim i t a t i o n s of which, for this 
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kind of reaction, have already been pointed out (Chapter 4). 4,4'-
Diacetyldiphenyl was too insoluble i n acetone to allow use of the l a t t e r 
as solvent. 
The f a i l u r e of 4,4'-diacetyldiphenylmethane to react to any s i g n i f i c a n t 
extent must, i n the f i r s t instance, be explained on practical grounds. 
In the absence of a stream of nitrogen passing through the reaction mixture 
286 
during i r r a d i a t i o n , as employed by Becker, phenol catalyst adsorbed 
on s i l i c a gel tended to remain at the bottom of the reaction vessel, 
thus reducing i t s efficiency. Direct dissolution of phenol i n the acetone 
solution of 4,4'-diacetyldiphenylmethane also f a i l e d to promote 
sig n i f i c a n t reaction. However Becker has pointed out the d e s i r a b i l i t y of 
using phenol adsorbed on s i l i c a gel (see section 5.2) and yields with 
pure phenol as catalyst are only ca. one t h i r d those when phenol adsorbed 
on s i l i c a gel i s used. The advantage of i r r a d i a t i o n without a solvent 
has also been noted, but i s obviously impracticable with f a i r l y high melting 
solids. In addition, although yields of products from the acetophenones are 
high (> 85% with acetophenone i t s e l f ) , they are based on consumed st a r t i n g 
material and the majority of s t a r t i n g material (up to ca.90% with 
acetophenone and phenol) remained unreacted after i r r a d i a t i o n for 14 
hours. Trace products from the attempted photopolymerization, detected 
only by th i n layer chromatography, may thus be indicative of only very 
s l i g h t reaction under the experimental conditions employed. Modification 
of experimental technique allowing, for example, e f f i c i e n t use of phenol 
adsorbed on s i l i c a gel may increase the y i e l d , but the production of 
high polymers appears unlik e l y . 
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I t is worth noting, also, that methylated acetophenones,such as 4-
* 
methylacetophenone,exhibit a very low-lying n,n t r i p l e t state i n addition 
* 289 to the low-lying n,rr t r i p l e t state. However th i s does not preclude 
photoreduction i n isopropanol, photoreduction of acetophenone and 4-
289 
methylacetophenone occurring with comparable efficiency, and since 
4-methylacetophenone underwent oxidative-reductive dimerization i n an 
286 
analogous manner to acetophenone, the p o s s i b i l i t y of similar low-* i lying T T J T T t r i p l e t states with 4,4-diacetyldiphenylmethane does not appear 
to account for the observed lack of r e a c t i v i t y of the diketone. 
EXPERIMENTAL 
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5.5 Preparation of Diketones 
(a) Preparation of 4,4'-Diacetyldiphenyl 
To a s t i r r e d solution of diphenyl (46.2 g., 0.299 moles) and 
powdered anhydrous AlCl^ (85 g., 0.637 moles) i n carbon disulphide (300 
ml), acetyl chloride (47.1 g., 0.600 moles) was added over a period of 
15 min. After spontaneous refl u x i n g had subsided, the mixture was 
refluxed for 4 hr., cooled and hydrolysed by pouring into 10% HCl-ice 
water (2.5 1.). After evaporation of the carbon disulphide, the resulting 
crude material was f i l t e r e d o f f and washed successively with a 5% aqueous 
solution of sodium carbonate, a 5% aqueous solution of HCl.and water. 
The crude product was then r e c r y s t a l l i z e d three times from alcohol, 
retaining the f i l t r a t e s , r e f l u x e d with decolourising charcoal i n alcohol, 
and again rec r y s t a l l i z e d from alcohol to a constant melting point to give 
4,4'-diacetyldiphenyl (1.0 g., 1.4%, m.p. 187-189° [lit.191°290]). 
The f i l t r a t e s obtained during the r e c r y s t a l l i z a t i o n procedure were 
evaporated to dryness to y i e l d a suspected mixture of 4-acetyldiphenyl 
and 4,4'-diacetyldiphenyl (43g.). The mixture was reacetylated as above 
using powdered anhydrous AlCl^ (120 g., 0.900 moles), acetyl chloride 
(35.0 g., 0.446 moles) and carbon disulphide solvent (300 ml.). Crystals 
obtained on r e c r y s t a l l i z a t i o n from alcohol were combined with the f i r s t 
batch of crystals (m.p. 187-189°) and the combined batches were 
recr y s t a l l i z e d from carbon tetrachloride to a constant melting point to 
give 4,4'-diacetyldiphenyl (12 g., 17%; m.p. m.5-191° [ l i t . 191° 2 9 0]) . 
Found: M (mass spectrometry), 238. Calculated for C 1 6 H 1 4 ° 2 : M»238. 
-1 * 
v_ 1680 cm . X (T T T T ) 286 nm, c 31,000 (cyclohexane solvent). 
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(b) Preparation of 4.4'-Diacetyldiphenylmethane 
To a s t i r r e d suspension of anhydrous AlCl^ (87.5 g., 0.656 moles) 
i n carbon disulphide (150 ml.) at 0°C, a mixture of acetyl chloride 
(40.0 g., 0.509 moles) and diphenylmethane (84.0 g., 0.499 moles) was 
slowly added. The mixture was allowed to warm up to room temperature 
and then poured into 107, HCl-ice water (2.5 1.). The aqueous and carbon 
disulphide layers were separated and carbon disulphide was removed from 
the l a t t e r and the residue f r a c t i o n a l l y d i s t i l l e d at a pressure of ca.0.1 
mm.Hg. Fractions collected wi t h i n the range 184-190°C were combined 
and rec r y s t a l l i z e d from alcohol to a constant melting point giving 4,4'-
diacetyldiphenylmethane (2.0 g., 3.1%; m.p. 92.5-93.5° [ l i t . 92.5-93°291]). 
Found: C, 80.94; H, 6.58%. M (mass spectrometry), 252. Calculated for 
C.-.H.-O,,: C, 80.92; H, 6.39%. M.252. vr=f., 1675 cm"1. X a v (n T T * ) i / I D z V J ^ J max 
320 nm, e 170; X (TT -• TT ) 253 nm (cyclohexane solvent). X 
' max max 
(TT TT*) 258 nm, e 28,000 (95% ethanol solvent). 
5.6 Irradiations 
Phenol catalyst 
Phenol catalyst was prepared by warming and shaking together a 
mixture of A.R. phenol (1.0 g.) and s i l i c a gel (5.0 g., 70-325 mesh"). 
(a) I r r a d i a t i o n of 4,4'-Diacetyldiphenyl and Phenol Catalyst i n 
Dichloromethane 
A solution of 4,4'-diacetyldiphenyl (1.057 g.) i n dichloromethane 
(25 ml.) was placed i n a Pyrex reaction vessel together with phenol 
catalyst (0.07 g.). The solution was streamed with ^ o r 30 min, the 
reaction vessel quickly stoppered, and the solution i r r a d i a t e d at 300 nm 
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for 500 hr. i n a Rayonet type RPR-204 preparative photochemical reactor 
f i t t e d with four RUL-3000& lamps. After i r r a d i a t i o n , the resulting pale 
yellow solution was separated from the catalyst and dichloromethane 
solvent removed (rotary evaporator) to y i e l d a pale yellow s o l i d . An 
infrared spectrum of the s o l i d was v i r t u a l l y i dentical to that of 4,4'-
diacetyldiphenyl, and t h i n layer chromatography on s i l i c a gel (developing 
with chloroform) showed essentially only one component of value 
corresponding to s t a r t i n g material. 
(b) I r r a d i a t i o n of 4,4'-Diacetyldiphenylmethane and Phenol Catalyst 
i n Acetone 
A solution of 4,4'-diacetyldiphenylmethane (0.519 g.) i n acetone 
(12 ml.) was placed i n a Pyrex reaction vessel together with phenol 
catalyst (0.09 g.). The solution was streamed with for 30 min., the 
reaction vessel quickly stoppered and the solution irradiated at 300 ran 
for 170 hr., as above. At the end of the i r r a d i a t i o n period the 
solution was pale yellow. Thin layer chromatography of the solution on 
s i l i c a gel (developing with chloroform) indicated essentially only one 
component of value corresponding to 4,4 1-diacetyldiphenylmethane. 
To the residual solution,phenol (0.045 g.) was added and the solution 
was reirradiated at 300 nm for 270 hr. After i r r a d i a t i o n the acetone 
was removed from the resulting yellow solution to y i e l d a yellow s o l i d , 
the infrared spectrum of which was v i r t u a l l y i d e n t i c a l to that of 4,4'-
diacetyldiphenylmethane. Thin layer chromatography on s i l i c a gel 
(developing with chloroform) of the s o l i d showed traces of three other 
components i n addition to a major component of R^  value corresponding 





5.7 Photoenolizati.on of 2-Alkylbenzophenones 
The photochemical e n o l i z a t l o n of 2 - s u b s t i t u t e d benzophenones was 
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f i r s t reported i n 1961 by Yang and Rivas, who observed t h a t on 
i r r a d i a t i o n of 2-benzylbenzophenone or 2-methylbenzophenone, intramolecular 
hydrogen t r a n s f e r occurred, g i v i n g the corresponding enol (eq.5.6). 
Ph Ph 
o H H (5.6) 
R = Ph or H 
Both benzophenones were recovered unchanged a f t e r prolonged i r r a d i a t i o n 
i n alcohol s o l u t i o n s . I r r a d i a t i o n of a s o l u t i o n of 2-benzylbenzophenone 
i n CH3OD r e s u l t e d i n the i n c o r p o r a t i o n of 1.04-1.09 atoms of deuterium 
per molecule, the deuterium atoms being located at the b e n z y l i c p o s i t i o n . 
The photoenol of 2-methylbenzophenone underwent Diels-Alder a d d i t i o n 
w i t h dimethyl acetylenedicarboxylate i n high y i e l d t o give the adduct 
(100), which, on treatment w i t h a c i d , was converted to 1-phenylnaphthalene-
2,3-dicarboxylic acid (101) (eq.5.7). 







Subsequent f l a s h p h o t o l y s i s and spectroscopy of 2-benzylbenzophenone 
* 
i d e n t i f i e d the n,n t r i p l e t of the ketone as the precursor o f the enol. 
A t r a n s i e n t species, w i t h a l i f e t i m e of a few seconds, detected i n the 
same i n v e s t i g a t i o n was t e n t a t i v e l y i d e n t i f i e d as the enol. 
(a) Scope of the Reaction 
The u t i l i t y of the p h o t o e n o l i z a t i o n was extended by Pfau and 
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co-workers who showed th a t Diels-Alder adducts and r e l a t e d dehydration 
products could also be obtained i n ca.80% y i e l d from dimethyl 
acetylenedicarboxylate and the benzophenones: 2,4-dimethylbenzophenone, 
2,5-dimethylbenzophenone, 2-methyl-4'-methoxybenzophenone and 2-methyl-4'-
chlorobenzophenone. 2,6-Dimethylbenzophenone, 2-methylacetophenone and 
2,5-dimethylacetophenone f a i l e d to give any adduct. 
While t e s t i n g other a c e t y l e n i c and o l e f i n i c compounds (cyclohexene, 
dimethyl maleate, e t h y l cinnamate, diphenylacetylene and phenylacetylene) 
as p o t e n t i a l dienophiles f o r the photoenol of 2,4-dimethylbenzophenone, 
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Pfau and co-workers subsequently obtained low y i e l d s (5-107o) of the 
pinacol of the parent benzophenone. No enol-dienophile adducts were 
obtained. I r r a d i a t i o n of 2-methylbenzophenone, 2,4-dimethylbenzo-
phenone, 2,5-dimethylbenzophenone, 2,3',4'-trimethylbenzophenone and 
3-methyl-4-benzoylpyridine i n isopropanol r e s u l t e d i n p h o t o p i n a c o l i z a t i o n , 
y i e l d s v a r y i n g between 287. and 50%. I r r a d i a t i o n of 2,4-dimethylbenzophenone 
and dimethyl acetylenedicarboxylate i n isopropanol r e s u l t e d i n a 307« y i e l d 
of the pinacol as the only photoproduct. I n c o n t r a s t , a competition 
experiment i n v o l v i n g i r r a d i a t i o n of equimolar (0.05M) q u a n t i t i e s of 2,4 -
diraethylbenzophenone, dimethyl acetylenedicarboxylate and isopropanol i n 
benzene s o l u t i o n r e s u l t e d i n a 787. y i e l d of trapped enol, no pinacol 
apparently being formed. 
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Ullman and co-workers have prepared 294,295 ketones i n which 
s t r u c t u r a l m o d i f i c a t i o n s of 2-methyl- and 2-benzylbenzophenone were made 
t o increase the l i f e t i m e o f the photoenols, i n v e s t i g a t i o n s being d i r e c t e d 
towards reducing the loss of aromatic resonance energy on p h o t o e n o l i z a t i o n , 
and p r o v i d i n g s t a b i l i z a t i o n of photoenols by p o s i t i o n i n g a carbonyl group 
so as to permit i t s involvement i n hydrogen bonding w i t h the e n o l i c 
hydrogen. The chromone (102), which r e a d i l y photoenolized at room 
temperature (eq.5.8), was prepared. The photoenol (103) p e r s i s t e d i n non 
polar solvents f o r several hours i n the absence of oxygen. 
Several s u b s t i t u t e d d e r i v a t i v e s of (102) displayed s i m i l a r photochromic 
p r o p e r t i e s , as d i d quinolone analogues such as (104). 














(b) Mechanistic Studies 
Resulting from a study of primary photochemical processes i n 
a l k y l - s u b s t i t u t e d benzophenones and using 4-methyl-, 2 - e t h y l - , 2-methyl-
29( 
and 2-t-butylbenzophenonesas r e p r e s e n t a t i v e examples,Beckett and Porter 
reported t h a t a l k y l - s u b s t i t u t e d benzophenones having a hydrogen d i r e c t l y 
attached to carbon s u b s t i t u t e d at the ortho p o s i t i o n e x h i b i t e d low 
quantum y i e l d s of p h o t o l y s i s , and k e t y l r a d i c a l s were not observed on 
f l a s h p h o t o l y s i s . Metastable intermediates w i t h no E.S.R. spectra and 
l i f e t i m e s of several hours were thought to be the photoenols. However, 
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these r e s u l t s c o n f l i c t e d w i t h those of Yang who detected a t r a n s i e n t 
species of l i f e t i m e ca. 10 sec. from 2-benzylbenzophenone ( r e f e r r e d to 
above) and t e n t a t i v e l y assigned t h i s as the corresponding photoenol. 
Subsequently, the metastable intermediate from 2-methylbenzophenone, 
297 
observed by Beckett and Porter, was reexamined w i t h respect to mode of 





formed from the photoenol by a r e v e r s i b l e photochemical r e a c t i o n . A 
t r a n s i e n t species, X max 400 nm, was assigned to the photoenol and a long-
l i v e d yellow species. X 383 nm, was assigned to (105). I r r a d i a t i o n of 
max 
2-methylbenzophenone f o r 7 hours at -80° followed by warming and exposure 
to oxygen gave ca.1% anthrone, which could be formed ( i n the dark) by 
285. 
o x i d a t i o n of (105), (eq.5.9) 
(5.9) 
H H 
Anthraquinones, detected as photooxidation products of 2-methyl-
benzophenones, may be formed by f u r t h e r photooxidation of the enthrone 
Other products formed from i r r a d i a t i o n of 2-methylbenzophenones, i n a 
flow i n g a i r stream, i n benzene solvent at 350 nm include 2-formylbenzo 
phenones (106), 2-benzoylbenzoic acids (107) and 3-phenylphthalides 








Following the d e t e c t i o n of f i v e t r a n s i e n t s i n the f l a s h p h o t o l y s i s of 
2,4-dimethylbenzophenone, intermediates and a r e a c t i o n pathway have been 
suggested^^as shown below (5.10). 
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Mechanistic s t u d i e s , p a r t i c u l a r l y r e l a t i n g to chromones were 
generally consistent w i t h p h o t o e n o l i z a t i o n only o c c u r r i n g e f f i c i e n t l y when 
* 
the lowest t r i p l e t was n,TT . However, i t was proposed t h a t , f o r 
chromones at l e a s t , the mechanism should be modified to include an 
intermediate e x c i t e d s t a t e of the enol, according to the equations (5.11). 
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Ketone ( t r i p l e t ) -» Enol ( t r i p l e t ) 
(5.11) 
* 
Enol ( t r i p l e t ) -• Enol (ground s t a t e ) 
This m o d i f i c a t i o n was necessary to expl a i n why 2-methyl-3-benzoyl-
chromone (109) was unreactive whereas 2-benzyl-3-benzoylchromone (102) was 





reactions of (102) and (109) would be expected to be very s i m i l a r , so any 
diff e r e n c e s i n the outcome of the r e a c t i o n had t o be accounted f o r on the 
basis of d i f f e r e n c e s between the various intermediate species. Ground 
s t a t e energies of the two enols would be very s i m i l a r , whereas i f e x c i t e d 
states of the enols were formed as intermediates, the more conjugated e x c i t e d 
photoenol of (102) would be s u b s t a n t i a l l y less energetic than t h a t of (109). 
The photoreactions of (102) and 2-benzhydryl-3-benzoylchromone (110) 
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have been studied i n d e t a i l . I n alcohol solvent, t r i p l e t r e a c t i o n 
r e l a t e d to p h o t o p i n a c o l i z a t i o n has been observed, the photoproduct from 
(102) being assigned the s t r u c t u r e (111). 
(§UC 
Q HO 
C-Ph Ph O O CHPh 0' 
V Ph CH.Ph 
(110) 
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(c) Extension of the Reaction to Photopolymerlzation 
The p h o t o e n o l i z a t i o n r e a c t i o n of 2-methylbenzophenone and 
subsequent Diels-Alder r e a c t i o n of the photoenol may be extendable to 
p h o t o e n o l i z a t i o n of appropriate diketones and subsequent Diels-Alder 
a d d i t i o n w i t h a s u i t a b l e b i s d i e n o p h i l e , as i l l u s t r a t e d by equation (5.12). 
CH 7-3 0 0 / ^ ( I I , I I U J V - C A r 1 — C 
— 1 Ar / \ CH CH 
H OH o o 
(5.12) 
Reaction may also be possible w i t h f u r t h e r s u b s t i t u e n t s i n the benzene 
r i n g , i n analogy to the various 2 - s u b s t i t u t e d benzophenone photoenolizations 
discussed e a r l i e r . Possible complications include p h o t o p i n a c o l i z a t i o n , 
even i n benzene s o l u t i o n , depending on the nature o f the ketone and 
d i e n o p h i l e . I t may also be noted t h a t acetylenes such as dimethyl 
acetylenedicarboxylate and phenylacetylene are known to add t o benzene 
301 ' 
under the i n f l u e n c e of u l t r a v i o l e t l i g h t . Dimethyl acetylene-
302 
di c a r b o x y l a t e , f o r example, reacts according to the equation (5.13). 
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COOMe I 







L J COOMe 
(5.13) 
However, such reactions are not reported as i n t e r f e r i n g w i t h Diels-Alder 
t r a p p i n g of photoenols produced i n benzene s o l u t i o n , under the conditions 
r e q u i r e d f o r the p h o t o e n o l i z a t i o n . 
DISCUSSION 
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m-Dimesitoylbenzene, p-dimesitoylbenzene and 1,4-di-o-toluoylbenzene 
have been i n v e s t i g a t e d as possible photoenolizable diketones f o r photo-
polymerization w i t h b i s d i e n o p h i l e s . Dimethyl acetylenedicarboxylate has 
been used as a monofunctional dienophile i n p r e l i m i n a r y studies aimed at 
i s o l a t i n g model compounds. 1-Heptyne and 1,6-heptadiyne, as possible 
monofunctional and b i f u n c t i o n a l dienophiles.have been examined, as has 
phenylacetylene which could be modified to a diethynylbenzene i n 
attempted photopolymerizations. 
5.8 Preparation and Cha r a c t e r i z a t i o n of Diketones 
m-Dimesitoylbenzene and p-dimesitoylbenzene were prepared by 
F r i e d e l - C r a f t s r e a c t i o n between the corresponding p h t h a l o y l d i c h l o r i d e 
and mesitylene ( i n excess as solvent) w i t h A l C l ^ as c a t a l y s t . 1,4-Di-o-
toluoylbenzene was prepared by r e a c t i o n between o - t o l y l magnesium bromide 
303 
and t e r e p h t h a l o y l d i c h l o r i d e , f o l l o w i n g a published route. Attempts 
to o b t a i n a pure sample of 1,3-di-o-toluoylbenzene were unsuccessful. 
Diketones were characterized s a t i s f a c t o r i l y by m e l t i n g p o i n t s , 
elemental analyses, i n f r a r e d and u l t r a v i o l e t spectroscopy, and mass 
spectrometry. 
U l t r a v i o l e t spectra were l a r g e l y analogous to those of m- and p-
dibenzoylbenzenes described i n Chapter 3. I n cyclohexane s o l v e n t , the * n -» TT absorptions were f a i r l y w e l l resolved (\ ca. 350 nm) from the r J Amax * * TT -» TT absorptions, the n -» rr absorption of m-dimesitoylbenzene being 
the most c l e a r l y resolved. I n going from p-dibenzoylbenzene t o 1,4-di-o-
toluoylbenzene t o p-dimesitoylbenzene, a decrease i n e x t i n c t i o n c o e f f i c i e n t 
* 
f o r the n -» TT absorption (c, 370, 310, 240 r e s p e c t i v e l y i n cyclohexane 
s o l v e n t ) was observed, p o s s i b l y due to increasing r e s t r i c t i o n of coplanar 
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conformations w i t h 2 - a l k y l s u b s t i t u t i o n . I n 95% ethanol s o l v e n t , n -» TT 
absorptions were p a r t i a l l y submerged under the TT -» TT absorptions and 
\ 's were not observed f o r the former absorptions, max 
I t i s i n t e r e s t i n g t o note t h a t c r y s t a l s of 1,4-di-o-toluoylbenzene 
i n a Pyrex f l a s k turned from white or a very pale yellow to medium yellow 
i n colour, on exposure to s u n l i g h t . I n the dark the yellow c o l o u r a t i o n 
slowly faded t o give very pale yellow c r y s t a l s . The cycle could be 
repeated several times and may be i n d i c a t i v e of a r e v e r s i b l e s o l i d - s t a t e 
p h o t o e n o l i z a t i o n . 
5.9 Photoenolization I n v e s t i g a t i o n s 
A l l the reactions attempted gave products which could not, i n these 
i n i t i a l stages of i n v e s t i g a t i o n , be i s o l a t e d i n a pure s t a t e . Conclusions 
may be only be drawn on the basis of mostly q u a l i t a t i v e r e s u l t s r e l y i n g 
h e a v i l y on i n f r a r e d spectroscopy, t h i n layer chromatography and analogy 
w i t h r e a c t i o n s i n the l i t e r a t u r e and described i n s e c t i o n 5.7. 
I r r a d i a t i o n at 350 nm of benzene s o l u t i o n s of m- and p-dimesitoylbenzenes 
(1 molecular p r o p o r t i o n ) w i t h dimethyl acetylenedicarboxylate (ca. 2 
molecular p r o p o r t i o n s ) apparently r e s u l t e d only i n p a r t i a l r e a c t i o n , as 
shown by t h i n layer chromatography which i n d i c a t e d a s u b s t a n t i a l p r o p o r t i o n 
of m a t e r i a l s w i t h R^ values corresponding to those of the diketones, 
and by i n f r a r e d spectroscopy, i n the case of m-dimesitoylbenzene, which 
suggested t h a t a l a rge amount of carbonyl group remained unreacted. 
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This evidence was l a r g e l y consistent w i t h r e p o r t s t h a t 2,6-
dimethylbenzophenone f a i l e d to give any adduct on i r r a d i a t i o n i n the 
presence of dimethylacetylenedicarboxylate. I n f r a r e d spectroscopic 
evidence d i d , however, i n d i c a t e the presence of OH groups i n one product 
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from m-dimesitoylbenzene i r r a d i a t i o n , there being a medium s t r e n g t h 
broad absorption centred at ca.3500 cm . Attempts to i s o l a t e and p u r i f y 
products by chromatography and r e c r y s t a l l i z a t i o n were, however, 
unsuccessful and i t was not possible t o determine whether the OH groups 
were derived from a p h o t o e n o l i z a t i o n or a p i n a c o l i z a t i o n type process. 
The apparently l a r g e p r o p o r t i o n of unreacted carbonyl f u n c t i o n p o i n ted 
towards the diketones being u n s u i t a b l e i n polymerization i n c o r p o r a t i n g a 
p h o t o e n o l i z a t i o n process. 
1,4-Di-o-toluoylbenzene appeared a more s u i t a b l e diketone f o r study, 
there being l i t t l e r e s i d u a l carbonyl f u n c t i o n a f t e r i r r a d i a t i o n at 350 nm 
of a benzene s o l u t i o n of the diketone w i t h dimethyl acetylenedicarboxylate. 
However, although t h i n layer chromatography i n d i c a t e d no r e s i d u a l s t a r t i n g 
m a t e r i a l , at l e a s t four products were detected. Complete separation of 
products was not achieved by column chromatography or r e c r y s t a l l i z a t i o n , 
although i n f r a r e d spectra of two p a r t i a l l y p u r i f i e d s o l i d products 
i n d i c a t e d the presence o f considerable OH grouping and were not 
i n c o n s i s t e n t w i t h adduct formation between photoenol and d i e n o p h i l e . 
Photoenol-dienophile adducts should be dehydrated on treatment w i t h 
HC1. To determine whether such r e a c t i o n was e f f e c t i v e i n producing more 
e a s i l y p u r i f i a b l e m a t e r i a l , crude m a t e r i a l from a n i r r a d i a t i o n of 1,4-di-o-
toluoylbenzene and dimethyl acetylenedicarboxylate was t r e a t e d f o r 6 hours 
w i t h HC1. However at l e a s t f i v e components were subsequently detected 
by t h i n layer chromatography and the r e a c t i o n was not i n v e s t i g a t e d f u r t h e r . 
By analogy w i t h the photochemistry of m- and p-dibenzoylbenzenes, 
1,3-di-o-toluoylbenzene might be expected to react more e f f i c i e n t l y , 
but attempts to produce the l a t t e r diketone on a p r e p a r a t i v e scale have, 
so f a r , been unsuccessful. 
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I r r a d i a t i o n at 350 nm of benzene s o l u t i o n s o f 1,4-di-o-toluoylbenzene 
and phenylacetylene, 2-methylbenzophenone and 1-heptyne, and 1,4-di-o-
toluoylbenzene and 1,6-heptadiyneall gave s o l i d products, but o v e r a l l 
y i e l d s approximately corresponded only to the q u a n t i t y of ketone s t a r t i n g 
m a t e r i a l , suggesting removal of the unreacted acetylene during i s o l a t i o n 
o f crude product. Medium to strong absorptions i n the i n f r a r e d spectra 
of crude products were i n d i c a t i v e of a s u b s t a n t i a l p r o p o r t i o n of OH 
groupings. Yields suggested t h a t the OH groups were derived from p i n a c o l 
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type r e a c t i o n s , Pfau and co-workers p r e v i o u s l y having detected 
pinacols i n i r r a d i a t i o n s of 2-methylbenzophenones i n 'such a poor 
hydrogen donating medium as benzene', an i l l u s t r a t i v e example being the 
i r r a d i a t i o n o f 2-methylbenzophenone and phenylacetylene. Oligomeric 
m a t e r i a l (M n ca. 1600) was produced i n the 1,4-di-o-toluoylbenzene/1,6-
heptadiyne i r r a d i a t i o n . Consumption of carbonyl group, as determined by 
i n f r a r e d spectroscopy, was almost complete i n the 2-methylbenzophenone/ 
1-heptyne i r r a d i a t i o n . 
I n conclusion, 1-heptyne and 1,6-heptadiyne, and also phenylacetylene 
(and presumably diethynylbenzenes) do not appear to be s u i t a b l e d i e n o p h i l e s . 
1,4-Di-o-toluoylbenzene appears to be the most r e a c t i v e diketone s tudied 
i n r e l a t i o n to the p h o t o e n o l i z a t i o n process, but the number of products 
obtained w i t h dimethyl acetylenedicarboxylate, although as yet 
u n i d e n t i f i e d , suggest severe l i m i t a t i o n s on any photopolymerizations w i t h 
s u i t a b l e b i s d i e n o p h i l e s . , 
Complete separation and c h a r a c t e r i z a t i o n of products from the 
re a c t i o n s described would have required more extensive i n v e s t i g a t i o n of 
possible p u r i f i c a t i o n procedures. Such i n v e s t i g a t i o n was not undertaken 
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since the q u a l i t a t i v e r e s u l t s obtained f o r the systems studied were 





5.10 Preparation of Diketones 
(a) Preparation of m-Dimesitoylbenzene 
To a s t i r r e d s o l u t i o n of i s o p h t h a l o y l d i c h l o r i d e (15.0 g., 0.0739 
moles) i n mesitylene (100 m l . ) , powdered anhydrous A l C l ^ (24.0 g., 0.180 
moles) was added i n 1 g. p o r t i o n s . The r e s u l t i n g mixture was heated on 
a steam bath f o r 3 h r . , cooled and poured i n t o 10% HCl-ice water (600 m l . ) . 
S o l i d m a t e r i a l was f i l t e r e d o f f from the water-mesitylene mixture and 
the mesitylene layer was then separated and evaporated to dryness to y i e l d 
more s o l i d . S o l i d m a t e r i a l was then r e c r y s t a l l i z e d from ethanol to a 
constant m e l t i n g p o i n t , to give m-dimesitoylbenzene (3.5 g., 12.8%; 
,o r , ^ ,R,O-,304> m p. 150.5-152 [ l i t . 149-151 ] ) . Found: C, 84.55; H, 7.02%. M (mass 
spectrometry), 370. Calculated f o r C 26 H26°2 : C ' 8 4 , 2 9 > H» 7 - 0 7 % - M 
370. 1680 cm"1. X (n -• TT*) 350 nm, e 200; X (n -» TT*) 233 nm CO max max 
(cyclohexane s o l v e n t ) . X (TT -» TT ) 233 nm, e 37,000 (95% ethanol J max 
s o l v e n t ) . 
(b) Preparation of p-Dimesltoylbenzene 
p-Dimesitoylbenzene was prepared i n a manner analogous to t h a t 
described f o r the preparation of m-dimesitoylbenzene, using t e r e p h t h a l o y l 
d i c h l o r i d e (30.0 g., 0.148 moles), mesitylene (200 ml.) and powdered 
anhydrous A l C l ^ (48.0 g., 0.360 moles). Crude product was r e c r y s t a l l i z e d 
from benzene to a constant m e l t i n g p o i n t to give p-dimesitoylbenzene 
(13 g., 24%; ra.p. 244.5-245.5° [ l i t . 244-246° 3° 4]). Found: C, 84.23; 
H, 7.11%. M (mass spectrometry), 370. Calculated f o r C 26 H26°2 : C ' 8 4 > 2 9 ; 
H, 7.07%. M, 370. v „ ^ 1665 cm"1. X (n -» TT*) 348 run, e 240; X ' CO max max 
(TT -» TT ) 265 nm (cyclohexane s o l v e n t ) . X (TT -» TT ) 263 nm, e 26,000 
max 
(95% ethanol s o l v e n t ) . 
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(c) Preparation of 1,4-Di-o-toluoylbenzene 
Preparations were c a r r i e d out under an atmosphere of n i t r o g e n , 
i ) Preparation of o-Tolyl Magnesium Bromide 
To a s t i r r e d mixture of magnesium turnings (7.5 g., 0.308 moles) 
covered w i t h dry ether (40 m l . ) , a s o l u t i o n o f o-bromotoluene (53.5 g., 
0.313 moles) i n dry ether (60 ml.) was slowly added over a period of 
2 hr. (The Grignard r e a c t i o n was i n i t i a t e d by a d d i t i o n o f a few drops of 
1,2-dibromoethane). A f t e r a d d i t i o n of a l l the o-bromotoluene, the 
r e s u l t i n g mixture was r e f l u x e d f o r 1 hr. and then cooled and f i l t e r e d . 
i i ) Reaction of o-Tolyl Magnesium Bromide w i t h Terephthaloyl 
D i c h l o r i d e 
To a s t i r r e d mixture of t e r e p h t h a l o y l d i c h l o r i d e (25.0 g., 
0.123 moles) i n 50:50 v/v dry benzene-ether (125 ml.) cooled i n i t i a l l y 
to ca.-10°, the s o l u t i o n o f o - t o l y l magnesium bromide, prepared as i n ( i ) 
above, was added at such a r a t e t h a t the temperature of the r e a c t i o n 
mixture remained w i t h i n the range -13 - -7°. A f t e r a d d i t i o n o f the 
Grignard reagent was complete, the s o l u t i o n was r e f l u x e d f o r 30 min, cooled 
and 10% HCl-ice water (500 ml.) c a r e f u l l y added. The r e s u l t i n g mixture 
was steam d i s t i l l e d f o r 2 hr . , cooled and the aqueous layer decanted o f f 
to leave a yellow-orange h i g h l y viscous m a t e r i a l . 2N NaOH (500 ml.) 
was added to t h i s viscous m a t e r i a l and the mixture digested w i t h steam 
f o r 1 hr. A f t e r c o o l i n g , the aqueous layer was decanted o f f and 
re s i d u a l m a t e r i a l d i s t i l l e d under reduced pressure (ca. 10 mm.Hg) 
c o l l e c t i n g the f r a c t i o n b.p. 165-192° which s o l i d i f i e d to a yellow s o l i d 
on standing. The yellow s o l i d was r e c r y s t a l l i z e d from ethanol, (together 
w i t h r e f l u x i n g w i t h d e c o l o u r i s i n g c h a r c o a l ) , to a constant m e l t i n g p o i n t 
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to give I,4-di-o-toluoylbenzene (5.0 g., 137.; m.p. 84-85°, [ l i t . 82° ] ) . 
Found: C, 83.79; H, 5.497„. M (mass spectrometry), 314. Calculated f o r 
C.„H i a0 • C, 84.05; H, 5.777=. M, 314. v r _ 1655 cm'1. X (n -» T T * ) LL i s i L — u max 
* * 348 ran, e 310; X (TT -• TT ) 263 nm (cyclohexane s o l v e n t ) . X (TT TT ) max max 
264 nm, e 26,000 (957. ethanol s o l v e n t ) . 
(d) Attempted Preparation of 1,3-Di-o-toluoylbenzene 
Attempts were made to prepare 1,3-di-o-toluoylbenzene i n a 
manner analogous to t h a t described f o r 1,4-di-o-toluoylbenzene and on the 
same scale, r e p l a c i n g t e r e p h t h a l o y l d i c h l o r i d e by i s o p h t h a l o y l d i c h l o r i d e . 
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Vacuum d i s t i l l a t i o n of crude product at ca. 10 mm.Hg gave a h i g h l y 
viscous yellow o i l which could not be su c c e s s f u l l y r e c r y s t a l l i z e d . 
5.11 I r r a d i a t i o n s 
A l l i r r a d i a t i o n s were performed w i t h a Rayonet Type RPR-204 
prepa r a t i v e photochemical reactor f i t t e d w i t h four RUL- 3500A lamps. 
Solutions f o r i r r a d i a t i o n ' w e r e prepared i n Pyrex r e a c t i o n vessels i n the 
conventional manner, being streamed w i t h f o r ca. 45 min. and r e a c t i o n 
vessels then r a p i d l y stoppered p r i o r t o i r r a d i a t i o n . Dimethyl 
acetylenedicarboxylate, 1-heptyne, 1,6-heptadiyne and phenylacetylene 
were i n j e c t e d i n t o the r e a c t i o n vessels v i a the n i t r o g e n streaming system 
i n a manner analogous to t h a t described f o r photopolymerizations u t i l i z i n g 
t e t r a m e t h y l a l l e n e (see Chapter 4, s e c t i o n 4.32). 
Dimethyl Acetylenedicarboxylate 
Dimethyl acetylenedicarboxylate was purchased from Koch-Light 
Laboratories L t d . and f r a c t i o n a l l y d i s t i l l e d (column 15 cm x 2 cm diameter 
f i l l e d w i t h glass h e l i c e s ) under reduced pressure, the f r a c t i o n b.p. 
87-88° at 18 mm.Hg being used i n the i r r a d i a t i o n s . 
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Phenylacetylene 
Phenylacetylene was purchased from Ralph N. Emmanuel L t d . and f r a c t i o n -
a l l y d i s t i l l e d (column as f o r dimethyl a c e t y l e n e d i c a r b o x y l a t e ) , the 
f r a c t i o n b.p. 141-141.5° being used i n i r r a d i a t i o n s . 
1- Heptyne 
1- Heptyne was purchased from Koch-Light Laboratories L t d . and 
f r a c t i o n a l l y d i s t i l l e d (column 15 cm x 1 cm diameter f i l l e d w i t h glass 
h e l i c e s ) , the f r a c t i o n b.p. 96.8-97.2° being used i n i r r a d i a t i o n s . 
1,6-Heptadiyne 
1,6-Heptadiyne was purchased from K. and K. Laboratories, Inc. 
Examination by v.p.c. showed only one component and the diacetylene was 
used wit h o u t f u r t h e r p u r i f i c a t i o n . 
2- Methylbenzophenone 
2- Methylbenzophenone was purchased from Eastman Organic Chemicals 
and d i s t i l l e d (Fischer Spaltrohr Concentric Tube F r a c t i o n a t i n g Column, 
FB-MMS 20o\ the f r a c t i o n b.p. 109° @ ca. 0.25 mm.Hg being used i n 
i r r a d i a t i o n s . 
(a) I r r a d i a t i o n of m-Dimesitoylbenzene and Dimethyl Acetylene-
di c a r b o x y l a t e i n Benzene 
A s o l u t i o n of m-Dimesitoylbenzene (0.6736 g., 0.001818 moles) 
and dimethyl acetylenedicarboxylate (0.5168 g., 0.003636 moles) i n 
benzene (25 ml.) was i r r a d i a t e d f o r 280 hr. at 350 nm. A f t e r i r r a d i a t i o n } 
t h i n layer chromatography of a sample of the r e s u l t i n g yellow s o l u t i o n on 
s i l i c a gel (developing w i t h chloroform) i n d i c a t e d four components, the 
most intense corresponding i n R^ value to m-dimesitoylbenzene, a second 
much less intense component having a R f value of ca. 0.3 and the other 
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two components being s t i l l less intense. Benzene solvent was removed by 
freeze d r y i n g to y i e l d a yellow s o l i d . The i n f r a r e d spectrum of t h i s 
s o l i d showed a weak absorption at ca. 3500 cm 1 and strong absorptions 
p a r t i c u l a r l y at 1730, 1665 and 1260 cm The s o l i d was chromatographed 
on a column of s i l i c a gel (30 cm x 2.5 cm diameter), e l u t i n g w i t h 
chloroform and c o l l e c t i n g f r a c t i o n s of 10-15 ml. i n volume. Fractions 
c o n t a i n i n g the component of R^ value corresponding to m-dimesitoyl-
benzene were combined and solvent removed ( r o t a r y evaporator) to y i e l d 
a yellow s o l i d , the i n f r a r e d spectrum of which corresponded c l o s e l y to 
t h a t of m-dimesitoylbenzene w i t h a d d i t i o n a l peaks ( p a r t i c u l a r l y at 1730 
and 1260 cm 1 ) corresponding t o the acetylene. Fractions c o n t a i n i n g the 
second most intense component were combined, solvent removed and an 
i n f r a r e d spectrum of the r e s u l t i n g yellow s o l i d recorded (peaks 
p a r t i c u l a r l y at 3500, 1730 and 1675 cm"1 (m-s) and 1280-1200 era"1 ( s ) ) . 
Thin layer chromatography of the two s o l i d s showed more than one 
component i n each. A l l attempts t o p u r i f y the s o l i d s by r e c r y s t a l l i z a t i o n 
were unsuccessful. 
(b) I r r a d i a t i o n of p-Dimesitoylbenzene and Dimethyl Acetylene-
d i c a r b o x y l a t e i n Benzene 
A s o l u t i o n of p-dimesitoylbenzene (0.4733 g., 0.001277 moles) 
and dimethyl acetylenedicarboxylate (0.3631 g., 0.002554 moles) i n benzene 
(100 ml.) was i r r a d i a t e d at 350 nm f o r 670 hr. A f t e r i r r a d i a t i o n , t h i n 
layer chromatography of a sample of the r e s u l t i n g yellow s o l u t i o n on 
s i l i c a gel(developing w i t h chloroform) i n d i c a t e d l a r g e l y one component 
of R^ value corresponding to t h a t of p-dimesitoylbenzene, plus a f u r t h e r 
weak component of R value zero. 
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( c ) I r r a d i a t i o n of 1,4-Di-o-Toluoylbenzene and Dimethyl Acetylene-
dic a r b o x y l a t e I n Benzene 
A s o l u t i o n of 1,4-di-o-toluoylbenzene (0.4813 g., 0.00153 moles) 
and dimethyl acetylenedicarboxylate (0.4351 g., 0.00306 moles)in benzene 
(25 ml.) was i r r a d i a t e d at 350 nm f o r 36 hr. A f t e r i r r a d i a t i o n , t h i n 
layer chromatography of the r e s u l t i n g pale yellow s o l u t i o n on s i l i c a g el 
(developing w i t h chloroform) i n d i c a t e d four components a l l of R^ value 
lower than t h a t of 1,4-di-o-toluoylbenzene. Benzene solvent was removed by 
freeze d r y i n g to give a pale yellow s o l i d (0.86 g.) . An i n f r a r e d spectrum 
of the s o l i d showed p a r t i c u l a r absorptions at ca. 3450 cm *(m), 1730 
cm ^ ( s ) , 1660 cm ^(m), 1440 cm *(m) and 1260 cm *"(s). 
The s o l i d was chromatographed on a column of s i l i c a gel (45 cm x 
2.5 cm diameter), e l u t i n g w i t h chloroform and c o l l e c t i n g f r a c t i o n s of 
ca. 10 ml. i n volume. Combination of f r a c t i o n s apparently c o n t a i n i n g 
the same component and removal of chloroform gave two samples of pale 
yellow viscous m a t e r i a l and two samples of pale yellow s o l i d s . I n f r a r e d 
spectra of the samples a l l showed strong absorptions at 1730 cm 1 and 
1260 cm~*. The two samples ( i ) and ( i i ) of viscous m a t e r i a l showed 
a d d i t i o n a l absorptions at ( i ) 1665 cm~ 1(s), 1440 cm~ 1(s), 1320-1120 cm"1 
( s ) ; ( i i ) 3450 cm _ 1(m), 1665 c m - 1 ( s ) , 1440 cm" l(s), 1220 c m _ 1 ( s ) . 
The two s o l i d samples ( i i i ) and ( i v ) showed a d d i t i o n a l absorptions 
as f o l l o w s : 
( i i i ) 3450 cm _ 1(ra), 1665 cm~ 1(w), 1440 cnT^m) 
( i v ) As f o r ( i i i ) . 
Thin layer chromatography on s i l i c a gel (developing w i t h chloroform) 
showed t h a t a l l samples contained traces of at l e a s t a second component. 
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Attempts to p u r i f y the products by r e c r y s t a l l i z a t i o n were unsuccessful. 
The i r r a d i a t i o n was repeated and HC1 passed through a s o l u t i o n of 
crude product (0.5 g.) i n benzene (30 ml.) f o r 6 hr. Thin layer 
chromatography of a sample of the r e s u l t i n g s o l u t i o n showed three major 
components, one component not corresponding i n value to any 
components i n the crude m a t e r i a l obtained d i r e c t l y from the i r r a d i a t i o n 
mixture, plus traces of at le a s t two other components. 
(d) I r r a d i a t i o n of 1,4-Di-o-toluoylbenzene and Phenylacetylene i n 
Benzene 
A s o l u t i o n of 1,4-di-o-toluoylbenzene (0.3233 g., 0.001028 moles) 
and phenylacetylene (0.2101 g., 0.002057 moles) i n benzene (25 ml.) was 
i r r a d i a t e d at 350 nm f o r ca.100 hr. A f t e r i r r a d i a t i o n , t h i n layer 
chromatography of a sample of the r e s u l t i n g yellow s o l u t i o n on s i l i c a 
gel (developing w i t h chloroform) i n d i c a t e d at l e a s t f i v e components, a 
major component corresponding i n R^ value to t h a t of 1 , 4 - d i - o - t o l u o y l -
benzene. Benzene solvent was removed by freeze d r y i n g to give a yellow 
s o l i d (0.37 g . ) , the i n f r a r e d spectrum of which showed p a r t i c u l a r 
absorptions at 3450 cm ^(w/m), 1660 cm ^ ( s ) , 1610 cm *"(s) and 1280 cm 1 
( s ) , and several absorptions between 1000 and 700 cm ^. The spectrum 
corresponded l a r g e l y to th a t of 1,4-di-o-toluoylbenzene. 
(e) I r r a d i a t i o n of 2-Methylbenzophenone and 1-Heptyne i n Benzene 
A s o l u t i o n of 2-methylbenzophenone (0.4591 g., 0.002339 moles) 
and 1-heptyne (0.2249 g., 0.00234 moles) i n benzene (20 ml.) was 
i r r a d i a t e d at 350 nm f o r 96 hr. Thin layer chromatography of a sample 
of the r e s u l t i n g yellow s o l u t i o n on s i l i c a gel (developing w i t h chloroform) 
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i n d i c a t e d two major components of value < 0.1, and three minor 
components, one of which corresponded i n R^ value to th a t of 2-methyl-
benzophenone. Benzene solvent was removed by freeze drying to give a 
yellow s o l i d (0.472 g. ) . An i n f r a r e d spectrum of the s o l i d showed l i t t l e 
r e s i d u a l C=0 s t r e t c h at 1660 cm 1 and strong absorptions at ca.3400 cm \ 
1460 cm"1, 1040 cm"1, 760 cm"1 and 710 cm"1. 
The crude s o l i d was dissolved i n benzene (100 ml.):and HC1 passed 
through the s o l u t i o n f o r 4 hr. Thin layer chromatography of a sample of 
the r e s u l t i n g s o l u t i o n on s i l i c a gel (developing w i t h chloroform) 
i n d i c a t e d f i v e components. Attempted separation and p u r i f i c a t i o n of the 
components as described f o r i r r a d i a t i o n of 1,4-di-o-toluoylbenzene and 
dimethyl acetylenedicarboxylate was unsuccessful. 
( f ) I r r a d i a t i o n of 1,4-Di-o-toluoylbenzene and 1,6-Heptadiyne i n Benzene 
A s o l u t i o n of 1,4-di-o-toluoylbenzene (0.4007 g., 0.001274 moles) 
and 1,6-heptadiyne (0.1174 g., 0.001274 moles) i n benzene (21.5 ml.) was 
i r r a d i a t e d at 350 ran f o r 160 hr., during which p e r i o d a s l i g h t yellow 
p r e c i p i t a t e was formed. Thin layer chromatography of a sample of the 
r e s u l t i n g s o l u t i o n i n d i c a t e d a strong component of R^ value greater 
than that of 1,4-di-o-toluoylbenzene. Benzene solvent was removed by 
freeze drying to give a pale yellow s o l i d (0.375 g., M = ca. 1600). 
An i n f r a r e d spectrum showed p a r t i c u l a r absorptions at 3450 cm 1 ( m ) , 
1665 c m - 1 ( s ) , 1605 c m _ 1 ( s ) , 1300 c m - 1 ( s ) , 1270 cm" 1(s) iand 760 cm" L(s). 
Attempts to r e c r y s t a l l i z e the s o l i d were unsuccessful, and p r e c i p i t a t i o n 
of the s o l i d from benzene i n t o 60-80° petroleum ether and recovery of the 
p r e c i p i t a t e d s o l i d by c e n t r i f u g i n g rendered no s i g n i f i c a n t change. 
APPENDICES AND REFERENCES 
APPENDIX A 
APPARATUS, INSTRUMENTS AND GENERAL TECHNIQUES 
Vacuum System 
Freeze dryings, pyrolyses, freeze-thaw cycles and 'vacuum 
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d i s t i l l a t i o n s ' r e q u i r i n g pressures of the order of 10 mm.Hg were undertaken 
w i t h a conventional vacuum system i n c o r p o r a t i n g a r o t a r y o i l pump and a 
mercury d i f f u s i o n pump. 
I n f r a r e d Spectra - see Appendix C . 
Mass Spectra - see Appendix B . 
U l t r a v i o l e t Spectra were recorded on a Unicam SP800 Spectrophotometer. 
N.m.r. Spectra were measured w i t h a Varian A56/60 Spectrometer o p e r a t i n g 
at 60 MHz (operating temperature 40°C), a Bruker Spectrospin HX 90E High 
Resolution N.M.R. Spectrometer o p e r a t i n g at 90 MHz (a t ambient temperature), 
or obtained through the SRC PCMU Service on a Varian HR 220 Spectrometer 
operating at 220 MHz or on a Varian HA-100D Spectrometer operating at 100 
MHz. A l l spectra were H^ spectra, w i t h chemical s h i f t s measured on the 
6 scale r e l a t i v e t o i n t e r n a l t e t r a m e t h y l s i l a n e (TMS). 
Molecular Weights were recorded on a Perkin-Elmer Model 115 Molecular 
Weight Apparatus u t i l i z i n g the vapour pressure ( i s o p i e s t i c ) method of 
determining the number average molecular weight of a sol u t e i n a s o l u t i o n . 
Measurements were made on benzene or DMF solutions of samples (benzene 
s o l u t i o n s unless otherwise stated) and s o l u t i o n s of b e n z i l were used as 
standards. An operating temperature of 40° C was employed f o r benzene 
s o l u t i o n s and a temperature of 55°C f o r DMF s o l u t i o n s . Molecular weights 
could be measured w i t h + 2% standard d e v i a t i o n . 
A n a l y t i c a l Vapour Phase Chromatography 
A Perkin-Elmer 452 Gas Chromatograph was used w i t h a column of d i - n -
d e c y l p h t h a l a t e / C e l i t e (2.2 m x 7 mm diam.), hydrogen as c a r r i e r gas and a 
hot w i r e detector. 
Carbon and Hydrogen Analyses were c a r r i e d out w i t h a Perkin-Elmer 240 
Elemental Analyzer. 
Thermogravimetric Analysis - see Appendix D. 
I r r a d i a t i o n s 
I r r a d i a t i o n s were c a r r i e d out w i t h Rayonet Type RS Preparative 
Photochemical Reactors (models RPR-204 or RPR-208). L i g h t sources were 
e i t h e r RUL-350OA* lamps e m i t t i n g i n the ~ 325-390 nm re g i o n , or RUL-3000A" 
lamps e m i t t i n g i n the ~ 280-330 nm regi o n . A Rayonet MGR-100 Merry-Go-
Round was used i n conjunction w i t h the model RPR-208 re a c t o r . Reaction 
temperature was ca.30°C. 
Reaction vessels were c y l i n d r i c a l Pyrex tubes of such a size t h a t 
the s o l u t i o n s to be i r r a d i a t e d formed columns ~ 30 cm i n length w i t h i n the 
r e a c t i o n vessels. 
Photopolymerization Solvents 
Benzene 
A.R. benzene was d r i e d over sodium wire and then f r a c t i o n a t e d (using 
a column ca. 15 cm x 2 cm diameter f i l l e d w i t h glass h e l i c e s ) , c o l l e c t i n g 
the f r a c t i o n b.p. 80.0-80.2°C. 
Dichloromethane 
A.R. dichloromethane was d r i e d over anhydrous calcium c h l o r i d e and 
then f r a c t i o n a t e d as above, c o l l e c t i n g the f r a c t i o n b.p. 40-41°C. 
Isopropanol 
A.R. isopropanol was d i s t i l l e d c o l l e c t i n g the f r a c t i o n b.p. 80-81°C. 
Acetone (supplied by Mr. D. Reid) 
A.R. acetone was r e f l u x e d w i t h KMnO. and KOH f o r 2 h r . , d i s t i l l e d 
and then f r a c t i o n a t e d (column 60 cm x 2.5 cm diameter f i l l e d w i t h glass 
h e l i c e s ) c o l l e c t i n g the f r a c t i o n b.p. 56.0-56.5°C. 
Column Chromatography 
S i l i c a Gel ( s i l i c a gel/CT, type code SO c o l , p a r t i c l e s i z e 75-175 p,m) 
was purchased from Reeve Angel S c i e n t i f i c L t d . 
Alumina (aluminium oxide "Camag" MFC, Brockmann A c t i v i t y 1 
[ A l k a l i n e ] , 100-250 mesh) was purchased from Hopkin and Williams L t d . 
F l o r i s t ! (60-100 mesh) was purchased from Koch-Light Laboratories 
L t d . 
M e l t i n g Points are uncorrected. 
APPENDIX B 
MASS SPECTRA 
Mass spectra were measured w i t h an AEJ.MS9 spectrometer at an 
i o n i s i n g beam energy of 70 eV. 
The mass spectra of the benzophenone type aromatic diketones, prepared 
as described i n Chapter 3, and the furan-diketone 2:1 adducts diFM, diFP 
and d i F l are tabulated below. Some of the more important and t y p i c a l ions 
are tabulated i n the form: mass number ( i n t e n s i t y as % of base peak, 
assignment, possible o r i g i n of the i o n ) ; charges on ions are omitted. 
Thus i n the example 
209 (457., C 1 4H 90 2, p - C ^ ) 
the i o n has mass number 209, i t s i n t e n s i t y i s 45% t h a t of the i n t e n s i t y 
of the base peak of the spectrum, i t i s assigned the formula Cj^H^O,, a n <* 
i t s proposed o r i g i n i s loss of C^ H^  from the parent i o n p. The base peak 
i s designated B. 
Metastable i on peaks, where observed, are t a b u l a t e d underneath the 
main spectrum. I f assigned they are given i n the form 
M (M L — M 2 ) 
where the metastable i on i s understood to have been observed at M = - — 
M l 
+ + 
f o r the loss of n e u t r a l fragment Fr, from the i o n M^ to give M 2 • 
m-Dibenzoylbenzene 
287 (57%, p + 1 ) , 286 (97%, p ) , 209 (45%, C ^ H ^ , p - C ^ ) , 181 (13%, 
C13 H9°' P" 0^ 0 0*'
 119 (57o)' 106 (10%)> 105 (10°y°' VS00* B)' 77 (un' 
C 6H 5), 76 (6%, C 6H 4), 69 ( 7 % ) , 56 ( 6 % ) , 55 (2 0 % ) , 51 (25%, C ^ , Cfa-
-CO 
C 2H 2) . Metastable , ion 157 (209 » 181). 
p-Dibenzoylbenzene 
287 (47., p + 1 ) , 286 (13%, p ) , 209 (15%, C 4H 0 P - C ^ ) , 181 (47., 
C13 H9°' P'VV30*' 105 ( - 1 0 0 ° / o > C6H5CO, B), 77 (157., C ^ ) , 75 (47.), 69 (47.), 
51 (47., C 4H 3, C 6H 5-C 2H 2). 
-CO 
Metastable ion 56.5 (105 — ^ 77) 
4,4'-Dibenzbyldiphenyl ether 
380 (67., p + 2 ) , 379 (237., p + 1) , 378 (777., p ) , 302 (247., C 2 H 0 ) f 
301 (1007., C 2 ( )H 1 30 3, P-C6H5, B), 273 (37., C^H 30 , p-C^CO), 196 (87.), 
181 (97., C 1 3H 90), 121 (337.), 105 (497., C^CO), 77 (387., C ^ ) , 51 (67., 
C 4 H 3 ' WW" 
-CO 
Metastable ions 247.5 (301 > 273) 
240 
56.5 (105 - = ^ ± 77) 
4.4'-Dibenzoyldiphenyl 
364 (77., p + 2 ) , 363 (317., p + 1 ) , 362 (1007., p and B), 286 (207., ^20Elh°2)' 
285 ( 767., C 2 ( )H 1 30 2, p - C ^ ) , 253 ( 67.), 149 ( 97.), 119 (137.), 106 ( 77.), 
105 (317., C6H5CO), 92 (97.), 91 (137.), 77 (207., C ^ ) , 57 (87.), 55 (87.), 
44 (127.). 
4,4'-Dibenzoyldiphenylmethane 
378 (47., p + 2 ) , 377 (247., p + 1 ) , 376 (777., p),300 (237., C2lElb°2)' 299 
(917., C 2 1H I 50 2, P-C 6H 5), 271 (47., C^H^O, p-C^CO), 196 (77.), 181 (97., 
C 1 3 H 9 0 ) ' 1 6 5 ( 1 5 7 o ) » 1 0 6 < 9 % ) ' 1 0 5 ( l o o 7°» C 6 H 5 C O ' B ) ' 7 8 ( 6 % ) ' 7 7 ( 6° 7°' 
C 6H 5), 51 (97., C 4H 3, C 6H 5-C 2H 2). 
Metastable ions 
-TO 
245.7 (299 — 2 7 1 ) 
56.5 (105 — ^ 77) 
1.2- (4.4'-Dlbenzoyldlpheny1)ethane 
392 (77., p + 2 ) , 391 (297., p + 1 ) , 390 (887., p ) , 313 (67., C H 
p-C 6H 5), 2 3 3 (167.), 196 (187.), 195 (1007., C 4 H n < ) , p-C 4 H u 0 , B), 124 (157.), 
106 (67.), 105 (477., C,H,CO), 90 (127.), 77 (187., C,H C), 51 (67., C.H0, C,HC -
6 5 6 5 4 3 6 5 
C 2H 2). 
-CO 
Metastable i on 143 (195 — = • > 167) 
1.3- (4,4'-Dibenzoyldiphenyl)propane 
405 (27., p + 1 ) , 404 (87., p ) , 327 (87., C 2 3H 1 90 2, p - C ^ ) , 257 (117.), 209 
(127., C 1 5 H u 0 ) , 196 (287., C^H^O), 181 (157., CgH COC H 4 ) , 167 (77.), 
152 (77.), 106 (77.), 105 (727., C^CO), 91 (67., C ^ ) , 78 ( 97.), 77 (1007., 
C 6H 5, B), 64 (137.), 63 (107.), 51 (177., C ^ , C ^ - C ^ ) . 
Metastable ions 95 
56.5 (105 - = ^ > 77) 
52.5 
1.4- (4,4'-Dibenzoyldiphenyl)butane 
420 (97., p + 2 ) , 419 (347., p + 1 ) , 418 (1007., p and B), 342 (167.), 341 
(517., C 2 4H 2 10 2, P-C 6H 5), 313 (37., C^H^O, p-C^CO), 223 (37., C^H^O), 
210 (127.), 209 (137., C jH 3 0 , p-C 1 5H 1 30), 196 ( 97., C^H^O), 195 (77., 
C 6H 5COC 7H 6), 167 (127., C ^ H ^ , 165 (67.), 132 (77.), 105 (337., C^CO), 
77 (107., C 6H 5). 
1.5- (4,4'-Dibenzoyldiphenyl)pentane 
434 ( 87., p + 2 ) , 433 (357., p + 1 ) , 432 (1007., p and B), 356 (147.), 355 
(507., C 2 5H 2 30 2, P-C 6H 5), 252 (77.), 237 (137., C^H^O), 210 (107.), 
20 9 ( 437., C 1 5 H 1 3 0 ) , 196 ( 437., C^H^O), 195 ( 1 1 % , C^CO C ^ ) , 181 (87.), 
167 (207., C 1 3 H 1 1 ) , 139 (127.), 105 (827., C^CO), 91 (107., C ^ ) , 90 (117., 
C ?H 6), 77 (337., C 6H 5), 51 (147., C ^ , C 6H 5-C 2H 2). 
Metastable Ions 301 (355 > 327) 
56.5 (105 77) 
1,6-(4,4-Dibenzoyldlpheny1)hexane 
448 (97., p + 2 ) , 447 (43%, p + 1 ) , 446 (98%, p ) , 370 ( 9 % ) , 369 (28%, 
C26 H25°2' P'W* 3 4 1 ( 4 % ' C25 H25°' P - ^ 0 0 * ' 2 5 1 ( 1 8 % ' C l 8 H 1 9 0 ) ' 2 3 8 
(24%, C 1 7 H l g 0 ) , 237 (7%, C^H^O), 223 (7%, C 1 6H 1 50, p-C^H^O), 210 
(16% ) , 209 (76%, C 1 5 H 1 3 0 ) , 197 (12%), 196 (67%, C^H^O), 195 (10%, 
C£HcC0C,h\), 167 ( 3 2 % ) , 165 (10%), 146 (1 8 % ) , 133 (1 6 % ) , 131 (1 1 % ) , 106 
0 5 / 0 
( 1 0 % ) , 105 (100%, C,HcC0, B), 91 (10%, C_H,), 90 (12%, C,h\), 77 (28%, 
Metastable ions 365, 138, 127, 86, 73.5 
56.5 (105 77) 
1.10-(4,4'-Dlbenzoyldipheny1)decane 
504 ( 5 % , p + 2 ) , 503 (19%, p + 1 ) , 502 (46%, p ) , 425 (2%, C jH 3 ( > 2 , 
p-C 6H 5), 397 (3%, C 3 QH 3 30, p-C^CO), 294 ( 6 % ) , 211 (1 0 % ) , 210 ( 4 7 % ) , 
209 ( 3 1 % , C.Jl.-O), 196 (19%, C..H..0), 195 (8%, C,HcC0C,H.), 183 ( 7 % ) , 15 13 14 12 6 5 7 6 
181 ( 7 % , C 6H 5COC 6H 4), 174 ( 8 % ) , 167 (22%, C 1 3 H n ) , 165 ( 8 % ) , 131 (1 1 % ) , 
119 ( 1 2 % ) , 118 ( 1 0 % ) , 117 (1 4 % ) , 106 (1 0 % ) , 105 (58%, C^CO), 104 (17 % ) , 
103 (1 1 % ) , 93 ( 8 % ) , 92 (5 3 % ) , 91 (100%, C^, B), 78 (16 % ) , 77 (30%, 
C 6H 5), 51 (14%, C 4H 3, C 6H 5-C 2H 2). 
DiFM 
423 ( 7 % , p + 1 ) , 422 (19%, p ) , 393 (7%, C 2 ?H 2 10 3, p-CHO), 354 (3%, 
C24 H18°3' P " C 4 H 4 0 ) ' 3 4 7 ( 7 7 o ) ' 3 3 1 ( 1 0 % ) ' 3 3 0 ( 7 7 o ) > 3 2 6 ( 1 4 % ' C23 H18°2' 
p-C4H40 -00), 287 ( 8%), 286 (39%, C^R^O^ p-C^O-C^O), 221 ( 8 % ) , 209 
(21 % , C 1 4H 90, p-C 4H 40-C 4H 40-C 6H 5), 191 ( 7 % ) , 181 (10%, C^HgO, p - C ^ -
C4H40-C6H5CO), 165 ( 1 0 % ) , 117 (11 % ) , 115 ( 2 2 % ) , 106 ( 8 % ) , 105 (100%, 
C6H5CO, B), 91 (19%,), 77 (27%, C ^ ) , 68 (69%, C^HO), 66 (317.), 44 (7%), 
39 (227., C3H3, C^O-CHO), 32 (107.), 29 (77., CHO) . 
- C O 
MetaBtable ion 56.5 (105 — = ^ 77) 
DiFP 
423 (10%, p + 1), 422 (30%, p), 393 (9%, C 2 7H 2 10 3 > p-CHO), 354 (4%, C^H g 0 3 , 
p-C^O), 331 (13%), 330 (12%), 326 (11%, C^H g 0 2 , p-C^O-CO), 287 (6 % ) , 
286 (24%, C 2 ( )H 1 40 2, p-C^O-C^O), 221 (8%), 209 (18%, C^HgO, p-C^O-
C4H40-C6H5), 203 (7%), 202 (7%), 191 (7 % ) , 181 (8%, C^HgO, p-C^O-
C4H40-C6H5CO), 165 (10%), 149 (7 % ) , 145 (8%), 135 (25%), 117 (14%), 
115 (24%), 105 (70%, C6H5CO), 91 (24%), 86 (13%), 77 (27%, CgH ) , 69 (10%), 
68 (100%, C4H40, B), 66 (64%), 65 (11%), 57 (12%), 40 (14%), 39 (56%, 
C0H0, C.H.O-CHO), 32 (14%), 29 (11%, CHO). 3 3 4 4 
DiFl 
513 (8%, p + 1), 512 (22%, p), 483 (6%, C 4H 2 ?0 , p-CHO), 444 (15%, 
C31H24°3' p - C 4 H 4 0 ) ' 4 1 5 ( 9 7°' C30H23°2' P- C 4 H4°" C H 0 )' 3 7 6 ( 2 2 % > C27H20°2' 
p-C.H.O-C.H.O), 299 (22%, C-.H. _0_, p-C^.O-C.H.O-C^H.), 221 (25%), 217 4 4 4 4 21 15 2 4 4 4 4 6 5 
(11%), 196 (13%), 115 (11%), 105 (25%, C,H CO), 91 (17%), 77 (17%, C,H,), 
0 5 0 J 




Infrared spectra were recorded on a Perkin-Elmer 457 Grating Infrared 
Spectrophotometer (PE457), a Grubb Parsons Spectromaster (GPS) or a 
Perkin-Elmer 157 Sodium Chloride Spectrophotometer (PE157). Spectra were 
run using KBr cell s under the conditions designated by: 
(A) KBr disc 
(B) Nujol mull 
































4,4'-Dibenzoyldiphenyl ether (A) 
4,4'-Dibenzoyldiphenyl (A) 
4,4 '-Dibenzoyldiphenylmethane (A) 
1.2- (4,4'-Dibenzoyldiphenyl)ethane (A) 
1,6-(4,4'-Dibenzoyldiphenyl)hexane (A) 
1.3- &,4'-Dibenzoyldiphenyl)propane (A) 
1.4- (4,4'-Dibenzoyldiphenyl)butane (A) 
1, 5-(4,4' -DibenzoyldiphenyDpentane (A) 
1,10-(4,4' -DibenzoyldiphenyDdecane (A) 
TMA-Benzophenone Model System 
Mixture resulting from i r r a d i a t i o n of ^ 
benzophenone and TMA i n benzene. 
TMA-Diketone Polymers 
13. (GPS) PolyTMAM (A) 
14. (GPS) Product from treatment of PolyTMAM with HC1 (A) 
15. (GPS) PolyTMAl (A) 
16. (PE457) PolyTMAP (A) 
17. (PE457) PolyTMAE (A) 
18. (PE457) PolyTMA2 (A) 
19. (PE457) PolyTMA3 (A) 
20. (PE457) PolyTMA4 (A) 
21. (PE457) PolyTMA5 (A) 
22. (PE457) PolyTMA6 (A) 
23. (PE457) PolyTMAlO (A) 
Furan-Benzophenone 1:1 Adduct 
24. (PE457) Furan-benzophenone 1:1 adduct (63) (A) 
Furan-Dlketone 2:1 Adducts 
25. (PE457) DiF3 (A) 
26. (GPS) DiFM (A) 
27. (GPS) DiFP (A) 
28. (GPS) Solid from i r r a d i a t i o n of 4,4'-Dibenzoyl- ^ 
diphenyl ether i n furan 
29. (GPS) DiFl (A) 
30. (GPS) 'DiF2' (A) 
31. (GPS) DiF6 (A) 
32. (PE457) DiF4 (A) 
33. (PE457) DiF5 (A) 
34. (PE457) DiFlO (C) 
35. (PE157) 
Benzophenone-Furan 2:1 Adduct 

















ymer (M ~ 1250) from d i i 
of m-dibenzoylbenzene and furan i n benzene 










Furan-Diketone Polymers Containing 
Two Different Diketone Residues 
Polymer from diFM and p-dibenzoylbenzene (A) 
Polymer from diFP and m-dibenzoylbenzene (A) 
Polymer from diFM and 1,6-(4,4'- (A) 
dibenzoyldiphenyDhexane 
2,5-Dimethylfuran-Diketone Polymers 





(a) From 50:50 Benzene-Isopropanol Mixtures 
51. (PE457) Polypinacol M (A) 
52. (PE457) Polypinacol P (A) 
53. (PE457) Polypinacol E (A) 
54. (PE457) Polypinacol 1 (A) 
55. (PE457) Polypinacol 2 (A) 
56. (PE457) Polypinacol 3 (A) 
57. (PE457) Polypinacol 4 (A) 
58. (PE457) Polypinacol 5 (A) 
59. (PE457) Polypinacol 6 (A) 
60. (PE457) Polypinacol 10 (A) 
(b) From Benzene-Isopropanol Mixtures Containing 
> 507. Benzene 
61. (PE457) Polypinacol 1 (A) 
62. (PE457) Polypinacol 2 (A) 
63. (PE457) Polypinacol 3 (A) 
64. (PE457) Polypinacol 5 (A) 
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APPENDIX D 
THERMOGRAVIMETRIC ANALYSES 
Thermogravimetric analyses were c a r r i e d out using a Stanton Redcroft 
TG-750 Thermobalance A heating r a t e of 10°C per minute was employed, 
and f o r analyses i n a n i t r o g e n atmosphere, a n i t r o g e n f l o w r a t e of ~ 
10 ml. per minute waB adopted. Fine powders were compressed i n t o discs 
before a n a l y s i s , and ~ 2-3 mg. samples were analysed. 
T y p i c a l thermograms are recorded i n the f o l l o w i n g four pages: 
TGA 1 TMA-Diketone Polymers 
(PolyTMAM and polyTMA6 i n N. and s t a t i c a i r ) . 
TGA 2 Furan-Diketone Polymers 
(PolyFM and polyF6 i n N_ and s t a t i c a i r ) . 
TGA 3 2,5-Dimethylfuran-Diketone Polymers 
(PolyDiMeFM and polyDiMeF4 i n N. and s t a t i c a i r ) 
TGA 4 Polypinacols Prepared i n 50:50 Benzene-Isopropanol 
(Polypinacol M and po l y p i n a c o l 10 i n N_ and s t a t i c a i r ) . 
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